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Abstract
Multi-Class Liquid Chromatography-High Resolution Mass Spectrometry Methods for

Monitoring of Mycotoxins and Metabolites in Human Plasma for Exposure Studies
Irina Slobodchikova, PhD candidate, Concordia University, 2020

Mycotoxins are secondary metabolites produced by fungi that can pose a serious threat to human
and animal health due to their toxicity. The assessment of human chronic exposure to mycotoxins
requires reliable and highly sensitive multi-analyte assay(s) enabling simultaneous measurements
of common toxicologically important mycotoxins and their metabolites in human plasma.

The first goal of the thesis was to develop sensitive liquid chromatography — high-resolution
mass spectrometry (LC-HRMS) multi-mycotoxin method(s) for the detection and quantification of
common toxicologically important mycotoxins frequently occurring in Canada and emerging
mycotoxins of interest. Based on the results of extraction recoveries and chromatographic
separation, two LC-HRMS methods were required to cover the full mycotoxin panel of interest.
The first method combined liquid-liquid extraction with pentafluorophenyl reversed-phase LC-
HRMS for the quantification of 17 mycotoxins, aflatoxins B1, B2, G1 and G2, zearalenone, 7-a-
hydroxy-zearalenol (a-ZOL), 7-B-hydroxy-zearalenol, zearalanone, 7-a-hydroxy-zearalanol, 7-p3-
hydroxy-zearalanol, T-2 toxin, HT-2 toxin, deoxynivalenol, nivalenol, 15-acetyldeoxynivalenol,
3-acetyldeoxynivalenol and fusarenon X. The method was validated using procedures described in
the Food and Drug Administration (FDA) guidance for Industry Bioanalytical Method Validation.
Lower limits of quantification (LLOQs) ranged from 0.1 to 0.5 ng/ml, except for nivalenol (3
ng/ml). The method (intra-day and inter-day) accuracy and precision ranged from 85.6% to 116.4%
and from 1.6% to 15.6% RSD, respectively, excluding a-ZOL for which an accuracy of 72.9 % to
97.2% was observed. The second method covered ten mycotoxins, fumonisin B1, fumonisin B2,
ochratoxin a (OTa), citrinin, ochratoxin A, beauvericin, enniatin A, enniatin A1 (ENNAL), enniatin
B (ENNB) and enniatin B1, and combined methanol protein precipitation with C18 reversed-phase
chromatography and polarity-switching LC-HRMS. LLOQs ranged from 1.25 to 4 ng/ml. Absolute
recovery ranged from 86.6% to 127.7% in individual plasma samples. Significant matrix effects
were observed for OTa (77.5%) in one out of ten individual plasma samples and fumonisins
(134.8% to 167.8%), ENNB (69.7% to 79.4%) and ENNA (69.3% to 79.2%) in all individual



plasma samples. The rest of the mycotoxins showed negligible matrix effects ranging from 87.2%
to 112.2% in all lots of plasma tested.

Excellent LLOQs, negligible matrix effects and accurate quantitation capability of the first
method coupled with the lower cost of analysis per sample make the method suitable for large-
scale analysis of human plasma samples. The second method is also simple and low cost but
requires additional modification to further improve LLOQs and reduce the matrix effect before full
validation and implementation. Both methods are versatile and can be applied for retrospective
analysis and other applications such as metabolism studies due to the use of HRMS and superior
chromatographic separation. To show this capability, the first method was successfully applied for
the in-depth metabolism studies of 17 mycotoxins. The method showed excellent suitability and
advantages for the detection of various mycotoxin metabolites from Phase | metabolism and
glucuronidation obtained from human microsomal incubations. Two ppm mass accuracy with
internal mass calibration reduced the number of possible elemental formulas for a measured m/z
value. Data-dependent acquisition in combination with collision-induced dissociation or higher
energy collisional dissociation was used to ensure adequate fragmentation and to study the structure
of the mycotoxin metabolites. The Compound Discoverer 2.1 software, which contains extensive
libraries of common metabolic pathways and mass spectral libraries, was used to streamline the
identification and the characterization of the metabolites. In total, 188 mycotoxin metabolites were
generated, characterized and used to build an extensive in-house library of human mycotoxin
metabolites. One hundred metabolites were reported for the first time, showing the power and
sensitivity of the approach. For these 17 mycotoxins, 92 metabolites were previously described in
literature, and among these known metabolites only four could not be generated using our
approach. Currently, this is the most comprehensive LC-MS library of human mycotoxin
metabolites.

In conclusion, both LC-MS methods and the in-house mycotoxin metabolite library will
allow the monitoring of 27 mycotoxins and their 188 metabolites in large-scale biomonitoring
studies. In the long-term, this will help to prioritize metabolites that should be routinely included
during exposure monitoring studies and will provide important new data on mycotoxin exposure

of the Canadian population.
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1. Introduction

1.1 Occurrence of mycotoxins in food

Mycotoxins are toxic secondary metabolites produced by filamentous fungi, such as Fusarium,
Aspergillus, and Penicillium genera.’ Studying mycotoxin contamination is of utmost importance
today because they can have deleterious effects on animal and human health and have significant
economic impact. According to the most recent estimations, detectable concentrations of
mycotoxins have been measured in 60-80% of food crops across the world.* Human exposure to
mycotoxins occurs via contaminated food intake, inhalation, and/or dermal contact. Usually,
contaminated food is the primary source of human exposure to mycotoxins. The foods most
commonly contaminated with mycotoxins include cereals, wine, coffee, dried fruits, meat, nuts,
and dairy products.>>® Currently, about 300 mycotoxins are known, but only some of them are
considered to be important for routine monitoring because of their toxicity and probability to find
in foods.2 Overall, toxicologically important mycotoxins can be divided in five classes: type A (T-
2 toxin (T-2) and HT-2 toxin (HT-2)) and type B (nivalenol (NIV), deoxynivalenol (DON),
fusarenon X (FUS-X), 15-acetyldeoxynivalenol (15-AcDON), 3-acetyldeoxynivalenol (3-
AcDON)) trichothecenes (types A and B are differentiated based on the substitution at the C-8
position, isovaleric acid and carbonyl group, respectively) fumonisins (fumonisin B1 (FB1),
fumonisin B2 (FB2), aflatoxins (aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1),
aflatoxin G2 (AFG2)), zearalenone group (zearalenone (ZEN), 7-a-hydroxy-zearalenol (a-ZOL),
7-B-hydroxy-zearalenol ($-ZOL), zearalanone (ZAN), 7-a-hydroxy-zearalanol (a-ZAL), 7-B-
hydroxy-zearalanol (B-ZAL)), and ochratoxins (ochratoxin A (OTA) and citrinin (CIT)).”
Worldwide studies on the occurrence of mycotoxins in more than 19,000 cereal and oilseed
samples showed that 72% were contaminated with at least one of the following mycotoxins
aflatoxins (26%), DON (56%), OTA (25%), fumonisins (54%), and ZEN (37%)2. In agreement
with these findings, the Canadian Food Inspection Agency (CFIA) Guidance for both feed and
food has also prioritized similar mycotoxin groups: trichothecenes, ZEN, fumonisins, OTA, ergot,
and aflatoxins for monitoring.>® Although aflatoxins are common mycotoxins in tropical
countries they can be found in Canada in the food imported from warmer climates.® The most

recent extensive surveys of Canadian food supply conducted in 2013-2015 tested 2235 samples



and detected 21 out of 25 mycotoxins.® Fifty-nine percent of food samples were contaminated with
at least one mycotoxin.® They also found that the most prevalent toxin was DON detected in 1044
samples (46.7%).° The survey of Canadian breakfast cereals in 2007 also showed similar results,
whereby detectable levels of one or more mycotoxins were present in 75% of Canadian cereals,
and DON was the most prevalent mycotoxin (>40%).** Fumonisins (>30%), OTA (>30%), and
ZEN (>20%) were the next most frequently detected mycotoxins.!! The occurrence of OTA was
investigated in various Canadian retail food samples from Quebec City and Calgary (2008-
2009).12 The results showed the presence of OTA in 102 out 140 samples (73%)2, while 100%
prevalence was found in cocoa and chocolate products.'® Similarly, fumonisins were detected in
57% of corn products.!* Targeted surveys in 2012-2013 and 2015-2016 provided a snapshot of
aflatoxin prevalence, 17% and 11% respectively, in foods sampled at Canadian retail stores which
can be likely contaminated with these mycotoxins.>1®

Besides common mycotoxins, there is a group of mycotoxins, enniatins (enniatin Al
(ENNAL1), enniatin A (ENNA), enniatin B1 (ENNBL1), enniatin B1 (ENNB1) and beauvericin
(BEA) that are called “emerging”. They are less studied mycotoxins that caught attention because
of their co-occurrence with other mycotoxins and potential risk to human health. These “emerging”
mycotoxins are produced by Fusarium species and their presence greatly depends on the
environmental conditions during the flowering period.!” In 2010, due to excessive precipitation,
the cereals from Western Canada were contaminated with Fusarium species'’ and enniatins were
observed in all samples, whereas the other mycotoxins, including moniliformin (MON), DON and
BEA contaminated 75% of tested samples.’” Moreover, total concentration of emerging

mycotoxins was about 10 times higher than DON.’

1.2 Toxicity of mycotoxins

Mycotoxins can cause acute or/and chronic toxicity. Acute toxicity is described as single poisoning
occurring to high exposure in a short period of time and chronic toxicity is a result of long-term
poisoning with low levels of mycotoxins.?® Acute poisoning is occasionally observed in
developing countries rather than developed countries.>'® Acute symptoms are non-specific and
described as sore throat, shortness of breath, vomiting and cough, headache and abdominal pain.*-

2L Short-term exposure can cause death, but a complete recovery is also possible.
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Figure 1.1. Mycotoxin structures including (a) zearalenone group and aflatoxins, (b) type A and

B trichothecenes, (c) ochratoxins and fumonisins, (d) enniatins and BEA.

Mortality due to mycotoxin exposure depends on the toxin concentration, and nourishment of an
individual.?! Acute poisoning can be described using a lethal dose (LDso) which is the mycotoxin

lethal concentration for 50% of a population and is usually expressed in milligrams of chemical
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per kilogram of body weight (mg/kg).?2 Mycotoxin LDso values vary a lot and are available only
for some species, for example OTA and FB1 have LDso values of 48 mg/kg and 787 mg/kg in rats,
respectively.?® LDsoin mice ranged from 7.2-17.9 mg/kg for AFB124, 46 mg/kg for OTA, 43-70
mg/kg for DON, 500-2000 mg/kg for ZEN.?®
Beyond acute effects, mycotoxins can also contribute to immunosuppression,
hepatotoxicity, carcinogenicity and nephrotoxicity, so chronic exposure to mycotoxins is of
possible health concern.!® The international Agency for Research on Cancer classified some
naturally occurring mycotoxins, including FB1 and FB2, OTA as possible carcinogens to humans,
Group 2B (limited evidence) and aflatoxins as Group 1 (sufficient data, carcinogenic to humans).?
Aflatoxins are considered to be the most toxic mycotoxin group because of the strong evidence of
carcinogenicity, but they are also mutagenic, immunosuppressive and hepatotoxic.?”?¢ Nowadays,
4.6-28.2% of all hepatocellular carcinoma was associated with aflatoxin exposure.?”?® OTA may
be mutagenic, genotoxic and teratogenic, although it is primarily known as a nephrotoxin that is
possibly involved in the etiology of Balkan endemic nephropathy.?>* The main targets of FB1 are
the liver and kidneys in humans, although epidemiological studies have also shown that FB1 is
highly associated with esophageal cancer and neural tube defects in humans®-2, Trichothecenes
including DON can cause vomiting, digestive, immune, and reproductive problems.®® The
zearalenone group has low acute toxicity, but it has strong estrogenic activity and can result in a
genotoxic effect, oxidative stress and reproductive disorders.3+
In view of this, risk assessment of the human exposure to mycotoxins through the
consumption of foods is important to provide adequate protections.®’ A tolerable daily intake (TDI)
is usually established by World Health Organization experts, including the Expert Committee on
Food Additives and the European Food Safety Authority®’, for different mycotoxins to control or
prevent contamination. TDI is defined as an estimated quantity of toxins that are not expected to
cause adverse health effects in humans over a lifetime.3” The calculation of TDI values is based
on the no-observed-adverse-effect level (NOAEL) method. In turn the NOAEL is determined
experimentally on the basis of laboratory toxicity, and if it is not available, the lowest-observed-
adverse-effect level (LOAEL) is used instead.®” Finally, TDI is calculated by dividing NOAEL or
LOAEL by uncertainty factor(s).3” The unit of TDI is mg per kg body weight per day, (mg/kg

bw/d).3” Established mycotoxin TDIs are summarized in Table 1.1.



Table 1.1. Established tolerable daily intake levels of some mycotoxins.

Mycotoxin TDI, pg/kg bw/d Reference

DON 1.0 38

FB1 or sum of FB1+FB2+FB3 2.0 38
ZEN 0.2 38

OTA 0.017 37

NIV 1.2 3

T-2 0.02 40

HT-2 0.02 40

AFB1 no established Ie_vel because 38

of the risk

1.3 Current regulations and consumer safety

About 100 countries have mycotoxin legislation to protect consumer safety.? Currently,
mycotoxins are regulated by setting limits on the concentrations of specific mycotoxins in human
foods and animal feeds. The CFIA has established maximum tolerable levels of aflatoxins, DON,
and HT-2 in some foodstuffs and feedstuffs and recommended tolerance levels of T-2,
diacetoxyscirpenol, ZEN, OTA and ergot in some feedstuffs, (Tables 1.2-1.3).2° In addition,
Canada regularly performs targeted surveys of whole grains and retail foods in order to minimize
any health risks from mycotoxin exposure. For example, a multi-year survey of mycotoxins was
conducted in Canadian oat, wheat and durum wheat samples collected in the years 2014-2017,
2010, 2011 and 2013-2016, respectively.**? Foods in Canadian market were also examined for
the presence of mycotoxins in various years, for instance breakfast cereals in 2008, corn products,
nuts, nut products, raisins, cocoa powder, chili powder, and paprika in the years 2012-2013 and
selected spices, oilseeds, rice and rice products'*>16, As a result, routine mycotoxin monitoring
programs showed that mycotoxin prevalence could vary and depend on agronomic and climatic
factors.***® For example, OTA, DON, ENN B, and ENN B1 contents were higher in shipment
samples than in the harvest samples.*! Canadian climatic conditions also favour more OTA
production during storage rather than in the field.** Tittlemier et al. showed that the concentrations
of studied mycotoxins fluctuated among years and provinces and within province in different
years.* Among selected harvesting years and provinces, DON median concentrations fluctuated
the most significantly and ranged from 68 to 1142 pg/kg.** Within one province, Québec, the
highest prevalence of DON and depsipeptides was observed in 2014.4



Table 1.2. Legislated maximum tolerated levels and recommended tolerance levels of mycotoxins
in some human foods. The table description is at the bottom.

. Legislated maximum
Mycotoxins Foods tolerated levels, mg/kg
Deoxynivalenol | Uncleaned soft wheat for human consumption 2
Aflatoxins Nuts and nut products 0.015
Recommended Health
Mycotoxins Foods Canada maximum limits,
mg/kg
Raw cereal grains 0.005
Directly consumer grains (i.e. rice, oats,
: 0.003
pearled barley):
Derived cereal products (flour) 0.003
Derived cereal products (wheat bran) 0.007
Breakfast cereals 0.003
Ochratoxin A Grape juice (and as ingredients in other
0.002
beverages) and related products
Dried vine fruit (currants, raisins, sultanas) 0.010
Baby foods and processed cereal-based foods
: . 0.0005
for infants and young children
Dietary foods for special medicinal purposes
. : 0.0005
intended for infants

This table is reproduced from the site: https://www.inspection.gc.ca/animal-health/livestock-
feeds/requlatory-guidance/rg-8/eng/1347383943203/1347384015909?chap=1, accessed date
20200115 and https://www.canada.ca/en/health-canada/services/food-nutrition/public-
involvement-partnerships/information-document-proposed-maximum-limits-standards-presence-
mycotoxin-ochratoxin-foods.html accessed date 2020510.

The comparison of wheat samples harvested from 2003 to 2012 that were damaged with Fusarium
species showed that the greatest contamination occurred in 2010, reaching an occurrence up to
60%.17 In 2010, the precipitation level greatly exceeded the normal average and promoted
Fusarium growth.’

Unexpectedly, recent biomonitoring studies in urine in several European countries, such as
Spain, Italy, Belgium, and Sweden found that TDIs of DON and OTA were exceeded. For
example, DON TDI of 1 pug/kg body weight/day was exceeded in Spain (8.1% of samples tested),
Italy (40% of samples tested), Belgium (16 to 69% of samples tested), and Sweden (1.3% of
samples tested).***" For OTA, 94% samples collected in Italy and 1% samples collected in
Belgium exceeded OTA TDI of 0.017 pg/kg body weight/day.*>*® A logical question then arises:

are we protected by measuring mycotoxins only in food samples?
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Table 1.3. Legislated maximum tolerated levels and recommended tolerance levels of mycotoxins
in some feedstuffs. The table description is at the bottom.

. - Legislated maximum
Mycotoxin Commodities tolerated levels, mg/kg
Deoxynivalenol Diets for cattle & poultry 5
i Diets for swine, young calves,
Deoxynivalenol & lactating dairy animals 1
HT-2 toxin Diets for cattle & poultry 0.1
HT-2 toxin Diets for dairy animals 0.025
Aflatoxins Animal feeding stuffs 20
Mycotoxin Commodities Reconlwmended tolerance
evels, mg/kg
Diacetoxyscirpenol Swine feed <2
Poultry feed <1l
T-2 toxin Swine and poultry feed <1
Gilt diets <1-3
Cow diets 10 (1.5 if other toxins
Zearalenone
and present)
Swine and sheep industry 0.25-5
Swine diets 0.2
Ochratoxin A Swine diets 2
Poultry diets 2
In feed of:
Ergot Cattle, she_ep, horses 2-3
Swine 4-6
Chicks 6-9

This table is reproduced from the site: https://www.inspection.gc.ca/animal-health/livestock-
feeds/requlatory-quidance/rg-8/eng/1347383943203/1347384015909?chap=1, accessed date
20200115.

In general, a preventive/regulatory model that is based on the maximum tolerated mycotoxin levels

in foodstuffs and feedstuffs has its drawbacks. The main drawback is that the maximum tolerable
mycotoxin levels are calculated using the average daily dietary intake and do not take into account
differences in individual uptake, distribution and metabolism.

It is well known that food preferences can differ a lot amongst individuals. For example,
some factors such as age, gender, and preference for plant-based vs. animal-based food and
geographical locations can determine eating patterns. For instance, comparative studies of the

DON exposure in vegetarians and non-vegetarians in United Kingdom showed that only


https://www.inspection.gc.ca/animal-health/livestock-feeds/regulatory-guidance/rg-8/eng/1347383943203/1347384015909?chap=1
https://www.inspection.gc.ca/animal-health/livestock-feeds/regulatory-guidance/rg-8/eng/1347383943203/1347384015909?chap=1

vegetarians (32%) exceeded the TDI of DON.* Food origins will be also important since
mycotoxin contamination can vary in different geographical regions. For example, DON
worldwide incidence changes amongst different geographical regions and food commodities from
0% to 100%.%° DON variations of mean concentrations were even observed within one region,
Saskatchewan, from 0.017 mg/kg to 1.6 mg/kg in durum samples harvested in 2010.17 Kuiper-
Goodman et al. evaluated human exposure to OTA and concluded that people ingest OTA through
food consumption on a daily basis.®” Mean adjusted exposures of 1-4-year-olds vs. other age
groups exceeded TDI because of their lower body weight.3” Moreover, the consumption pattern of
1-4-year-olds relied on wheat-based foods, oats, rice, and raisins.3” For adults, beer, coffee, and
wine were the main contributors of OTA for these groups.®” Food processing is another factor that
can influence mycotoxin intake and can reduce the amount of mycotoxins in food samples or
convert them into less toxic species.>® Sakuma et al. evaluated the losses of aflatoxins and OTA
during the process of cooking rice and pasta, respectively.>! Aflatoxin recoveries ranged from 83%
to 89% in cooked rice, whereas OTA recovery was 60% in pasta.>! However, the evaluation of the
effect of food processing on the OTA levels in the cocoa beans showed that the heating treatment
of cocoa beans destroyed only 16.6% of OTA, whereas the most of the remaining OTA can be
removed by winnowing.>® Cooking may reduce levels of some mycotoxins, but the most toxic
members are not fully eliminated during cooking.

Furthermore, surveillance data for mycotoxins in human biological samples, except for
OTA is not available for any time period for Canada. The most recent OTA exposure data that is
available for Canada was reported in 1998.5 The comparison of the daily OTA intakes for
Canadians ranged from 0.0006 to 0.0047 pg/kg body weight/day and the calculated TDI of 0.0037
ug/kg body weight/day showed that some individuals exceeded the established OTA TDI.%®
Moreover, the mean daily intake of OTA, 0.017 pg/kg body weight/day, is equal to the current
OTA TDI, which was estimated by Food Additives and the European Food Safety Authority in
2006, as shown in Table 1.1.%

In conclusion, human biomonitoring and feed/food monitoring complement each other and
are both needed in order to minimize human mycotoxin exposure. Human biomonitoring also has
its limitations. Biomonitoring results only reflect the concentration of a mycotoxin in the body at
the time of testing, which may differ from the original exposure. Tested samples can represent

exposure from yesterday, last week, or last month. Mycotoxin levels may also vary depending on



their half-life, biofluids used for biomonitoring and inter-individual differences, for example sex.>*
However, human biomonitoring can verify if existing food and feed regulations are sufficiently
stringent to protect consumer health by providing evidence of the actual exposure. In addition,
human biomonitoring shows levels of total mycotoxin exposure from any exposure route,

including contaminated food intake, inhalation and/or dermal contact.>®

1.4 Co-exposure to mycotoxins

As long as mycotoxins are prevalent food and feed contaminants the risk to be exposed to multiple
mycotoxins at the same time is relatively high, by eating different types of foods contaminated
with one or multiple mycotoxins. Another possible route of co-exposure is due to their different
half-lives such that mycotoxins from the previous exposure may still be circulating in the body by
the time of the next mycotoxin intake.

Co-occurrence of mycotoxins can be frequently observed in food and feed commodities
because some mycotoxins can be produced by more than one filamentous fungus species and one
filamentous species can produce more than one mycotoxin. Moreover, food commaodities can be
contaminated with more than one filamentous fungus species at the same time. For example, CIT
is produced by Penicillium, Aspergillus and Monascus species.®®>’ Fusarium species can produce
fumonisins, BEA, enniatins, trichothecenes type A and B and zearalenones. western Canadian
durum harvested in 2010 was contaminated with a variety of Fusarium species, such as F.
avenaceum, F. graminearum, F. culmorum, F. poae, F. acuminatum, F. sporotrichioides and
Phaeosphaeria nodorum. The analyzed samples contained DON, T-2, HT-2, MON, BEA, and
enniatins.’ In a global survey program of agricultural commodities, co-contamination with two or
more mycotoxins was reported in 38% (n > 19,000) of samples.® Lee et al. reported that co-
contamination varied from 41% to 48% from year to year according to Biomin’s global mycotoxin
occurrence analysis in agricultural commodities.*® Cereal grain samples collected in 2016-2017
from the regions of Saskatchewan, Alberta, and Manitoba in Western Canada also showed that
70% of barley samples and 54% of wheat samples contained two mycotoxins.® However, co-
occurrence of up to five mycotoxins was also observed in this study.>® Mycotoxin co-exposure was
also confirmed by analyzing biological samples. Sweden exposure studies revealed that 69% of

adults (n=252) had more than two mycotoxins detected in urine samples.®® Spain urine samples
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from children and adults were evaluated for the presence of 15 mycotoxins and co-occurrence was
documented in 20% of tested samples (n=54).4

Co-exposure to any two toxic compounds can cause antagonistic, additive, or synergistic
effects on human and animal health. An antagonistic effect of toxins results in less damage than
the sum of their individual toxicity. Additive effect is the sum of individual effects and thus can
be accurately predicted. Synergism is the interaction of toxins that results in higher adverse effects
than the sum of their individual toxic effects. Synergism cannot be predicted and demands special
examination. Studies to date indicate that the combination of OTA and FB1 can cause additive or
synergistic effects depending on cell type.?36%6 For instance, in human lymphocytes the combined
exposure to OTA and FB1 reduced cell viability to 53% versus cell viability of 86 and 97% for the
exposure to OTA and FB1 individually, indicating synergistic effects.5! Logically, one can
hypothesize that OTA with moderate toxicity may enhance cell susceptibility to the second
mycotoxin, FB1 with weak toxicity, and thus results in more adverse damage of cells. Additional
studies of low-dose exposure to multiple mycotoxins are needed to further understand their toxicity
and possible health effects. To achieve this goal, first more information is needed including which

mycotoxin co-occurrences are most frequently observed in a wider Canadian population.

1.5 Assessment of dietary and long-term exposure to mycotoxins using biofluid

monitoring

Human biomonitoring of 53 mycotoxins was recently performed in urine and serum from multiple
European countries, such as Belgium, the Czech Republic, France, the Netherlands, and Norway.5?
All individuals (n=600) participated in dietary recall interviews, urine samples were first collected
during 24 hours and repeated in one month from 188 participants, while single time-point serum
samples were obtained from non-fasting participants (n=268).%2 Ninety-seven percent of serum
samples and 99% of urine samples were contaminated at least with one mycotoxin.®? The percent
of contaminated urine and serum samples was similar for aflatoxins (serum 57%; urine 51%),
fumonisins (serum 42%; urine 40%), ochratoxins (serum 42%; 48%), and type B trichothecenes
(serum 42%; urine 52%).52 The most frequent serum mycotoxin (70%), patulin, was not detected
in urine samples, whereas some mycotoxins, such as ZAN, hydroxyl metabolites of T-2 and
ENNB1 were not observed in serum samples®. The visualization of urine, serum and dietary

mycotoxin occurrence as Kernel density plot to estimate participant exposure to multiple
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mycotoxins showed similar distributions for urine and serum, but not for dietary recall data.®?
Biomonitoring data reflected better dietary exposure than dietary questionnaire data based on this
study.®? Urine and serum samples can provide information about individual exposures.®® Fan et al.
performed multi-mycotoxin analysis in both plasma and urine to evaluate individual exposure of
260 participants in China.5* Out of 26 tested mycotoxins only 10 were detected and/or in urine and
plasma.’* OTA, FB1, DON, ZEN, ZAN were plasma and urine mycotoxins, T-2, AFM1, 3-Gluc-
DON and 15-Gluc-DON and AFB1-lysine were detected in urine and plasma, respectively.®* At
least one mycotoxin was found in 36.5% of plasma samples and 55.4% of urine samples.®* The
most frequent mycotoxins in plasmas were OTA (27.7%) and AFB1-lysine (19.6%). The
incidences of the other mycotoxins ranged from 1.2% to 6.5%.%* The most prevalent mycotoxins
in urine were 15-Gluc-DON (43.8%) followed by 3-Gluc-DON (15.8%), AFM1 (10.4%) and DON
(10.0%). The other mycotoxins were found in 1.2%-7.7% samples.®* FB1 and DON and T-2, 15-
Gluc-DON, 3-Gluc-DON and ZEN concentrations were higher in male plasma and urine samples,
respectively.®* Swedish adolescent (1105) exposure to mycotoxins was evaluated in urine and
plasma samples.% They found 2’R-ochratoxin A serum concentration dependence on gender and
ages® In urine, the differences between the concentrations of DON and its glucuronic metabolites
were associated with the ages of students.®® Mufioz et al. also analyzed simultaneously human
urine and plasma of 13 volunteers to estimate OTA dietary exposure.®® Their methods were
developed and validated only for OTA and its metabolite, OTa.®® OTa was the OTA predominant
metabolite in both urine and plasma, and its concentration was 16-20 times higher than OTA in
urine.%

Most current biomonitoring methods rely on urine analysis only, because urine is a non-
invasive matrix that is easy to collect. Blood-derived products are examples of invasive samples
due to incursion into the body. Compared to plasma, urine can be sampled in larger volumes.
However, urine can vary in its composition, pH, and concentrations of urine components from
sample to sample.%” Physiological urine variability can be compensated by creatinine
normalization strategy.%® This strategy assumes that creatinine concentration is a constant value
for individuals without kidney dysfunction and accounts for urine dilution effects. In addition to
creatine measurements, urine analysis requires a pH control/adjustment and a proper time point
selection that, in turn, can influence on the recovery during sample preparation and the

concentration profiles of the analytes of interest, respectively. The time since last exposure and the
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properties of mycotoxins can also determine the choice of appropriate biological samples for
dietary exposure studies.®® Some mycotoxins, such as OTA and AFB1 can bind to plasma proteins
and have long half-lives in the body.’®"* For example, OTA half-life is 35.55 days in human
plasma and about 90% of OTA can be found in plasma after administration.”> Some mycotoxins
that have short half-lives, from minutes to hours, can be detected more easily in urine than in
plasma, since they are rapidly metabolized and mostly excreted via urine. For example, T-2, FB1
and DON have half-life of < 5 minutes, 6 minutes , and 1.53 hours, respectively in pig plasma
making urine biomonitoring more suitable.”>"> Whereas AFB1 half-life is about 90 hours in rats
and it may be detected better in plasma than in urine.”® For example, the DON ingested through
the contaminated food is excreted up to 64% and 86%, respectively, via human and animal
urine.>*’” The majority of DON is eliminated from the body in the first ~8 hours.>*"” An exposure
experiment in piglets has demonstrated that ingested and excreted amounts of mycotoxins have
linear dose-response correlation coefficients in the range of 0.68 and 0.78 for the administered
mycotoxins, including DON, AFB1, ZEN, and OTA measured in 24-hour urine collection.”
However, daily mycotoxin concentrations in urine can fluctuate significantly (~ 15 times), so 24-
hour urine collection is preferred over a one-time spot collection for the appropriate assessment of
exposure.>*’" However, the 24-hour urine collection is unworkable and time-consuming from the
participant point of view. Plasma is suitable for the analysis of mycotoxins with long and short
half-lives, and the measured concentration will be a time-weighted average.®®%%"® However,
measurements of mycotoxins in plasma can be challenging because of their low concentrations
and require methods with sub ng/ml limits of detection. Fumonisin B1 concentrations were
measured during a 28-day exposure to low FB1 dietary levels in several piglet biological samples,
including plasma, urine, feces and hair. The lowest concentration range of 0.15 to 1.08 ng/ml was
measured in plasma versus 16.09-75.01 ng/ml in urine.®® However, the evaluation of long-term
exposure of piglets to FB1 during 28 days showed that only plasma had high correlation coefficient
(r = 0.81-0.89) between ingested FB1 and plasma FB1 levels.®® Unlike plasma, the urinary levels
of FB1 showed a high variability among pigs which might be a result of the physiological urinary
fluctuation affected by food and water intake, differences in individual metabolism and the lack of
normalization. In summary, it is important to measure mycotoxins in both urine and plasma to

obtain a more complete picture of individual exposure.
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1.6 Current methods for mycotoxin determination in biological samples

Nowadays, there are variety of techniques for the mycotoxin determination in biological samples,
including enzyme-linked immunosorbent assay (ELISA), liquid chromatography—mass
spectrometry (LC-MS), gas chromatography—mass spectrometry (GC-MS), high-performance
liquid chromatography with fluorescence detection (HPLC-FD) or aptamers.?’® LC-MS (48%)),
ELISA (28%) and HPLC-FD (16%) are the most common techniques as shown in Figure 1.2.

In the last decade, LC-MS based methods have become the main methods for the
assessment of combined exposures to multiple mycotoxins. LC-MS based methods are most
relevant for this purpose, as they routinely can be applied for the simultaneous analysis of multiple

mycotoxins and their metabolites.®

GC-MS, 7, 3% Other
~__techniques, 2,
1%

HPLC-FD, 34,
16%

LC-MS, 101,
48%

ELISA, 59,
28%

Figure 1.2. Overview of different techniques used for determination of mycotoxins and their
metabolites in various human biological samples. Data from
https://www.ncbi.nlm.nih.gov/pubmed/; filters: human samples, last 10 years, accessed date
20191211. Other techniques include immunosensor and thin-layer chromatography (TLC).

Current LC-MS methods usually cover more than one class of mycotoxin including some
mycotoxin metabolites.8?84 Besides LC-MS, GC-MS methods have also been developed for multi-
class analysis of mycotoxins. The GC-MS methods usually provide good sensitivity and are less
subjected to ion suppression or enhancement.®> However, they are less preferred for mycotoxin
analysis. The main disadvantage of GC-MS is that only thermally stable and volatile analytes can
be analyzed. Volatility of compounds can be improved by derivatization procedures, such as
trimethylchlorosilyl, trimethylsilyl, trimethylchlorosilane and trifluoroacetyl derivatization &8
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Additional step in sample preparation makes GC-MS less amenable since this step also adds some
uncertainties associated with the stability of derivatives and affect the method reproducibility.8>8
Recently developed by Rodriguez-Carrasco et al., GC-MS methods for 10 and 15 mycotoxins in
urine demonstrated similar or worse sensitivity.**#” The comparison of the two validated methods,
GC-MS and LC-MS for zearalenones in bovine urine also showed that LC-MS method had 4 times
better LLOQs for o/p-ZOLs.88

Techniques such as ELISA, HPLC-FD and aptamers, are used for the qualitative and
quantitative analysis of a single mycotoxin or a few mycotoxins.?®°! ELISA is commonly used in
mycotoxin analysis due to its lower cost, speed, simplicity and simpler sample treatment compared
to LC-MS enabling its successful implementation by less qualified technical personal & However,
ELISA methods can produce inaccurate quantitation in biological samples, as a result of antibody
cross-reactivity to structurally similar molecules f.”8%92 Measurements of OTA levels in human
serum by ELISA and HPLC-FD methods revealed that ELISA underestimated the OTA levels in
serum at low concentrations.®? The determination of DON was evaluated in a large international
inter-laboratory study where it was reported that the ELISA method cannot distinguish DON and
its acetylated metabolites, 3-AcDON and 15-AcDON.*® Similarly, Cavaliere et al. reported that
the ELISA kit designed for ZEN had cross-reactivity with ZEN group mycotoxins, such as a-ZOL,
B-ZOL and ZAN whereas the DON ELISA kit showed evidence of false positives and
overestimated DON concentration due to cross-reactivity not only with 3-AcDON and 15-
AcDON, but also with NIV and FUS-X.%* Another investigation of five different DON ELISA kits
for cross-reactions with main type A and B trichothecenes and their metabolites in food and
feedstuffs showed that two kits had low to moderate cross-reactivity whereas three had high cross-
reactivity.%

Methods using HPLC-FD and LC-MS are both considered to be gold standards in
mycotoxin measurements and are used as reference methods.2-%:9” Compared to LC-MS methods,
HPLC-FD methods are less expensive and commonly used for the determination of a single
mycotoxin or a few mycotoxins in biofluids.®>"~*° Some mycotoxins, such as aflatoxins, OTA,
CIT, ZEN have natural fluorescence whereas fumonisins, DON, NIV do not.8%1%° However, a
derivatization step is generally necessary in the analysis by HPLC-FD to improve the sensitivity
and selectivity for the detection of trace mycotoxin levels. Mili¢evi¢ et al. compared the

performance of HPLC-FD, HPLC-FD with methylation and liquid chromatography-tandem mass
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spectrometry (LC-MS/MS) methods for the OTA identification and quantification in pig serum
and tissues.'% Their results showed that the presence of OTA was confirmed by HPLC-FD, HPLC-
FD with methylation and LC-MS/MS in 30%, 11% and 95% tissue samples (n=270).1%* They
concluded that it was not possible to detect low OTA levels by HPLC-FD with methylation
because of interfering co-extractive compounds.i®* LC-MS/MS was not able to detect OTA in only
5% of samples, since the OTA concentration was below LOD.%* LC-MS/MS surpassed both
HPLC-FD and HPLC-FD with methylation in specificity at trace level OTA analysis. Corcuera et
al. developed HPLC-FD method for the simultaneous detection of OTA and AFBL1 in rat plasma,

liver and kidney.102

Milk
3%

Figure 1.3. Pie chart shows sample types most used for biomonitoring of mycotoxins and their
metabolites. Data from https://www.ncbi.nlm.nih.gov/pubmed/; filters: human samples, last 10
years, accessed date 20191211.

In order to be able to quantify AFB1 at low levels they had to use post-column iodine derivatization
without affecting OTA intensity.'%? Overall, HPLC-FD can be used, but the derivatization step
leads to additional method complexity, and LC-MS LODs and LLOQs generally outperform FD
detection.

Recently, new sensor-based measurements have allowed mycotoxin analysis.11% The
advantages of these methods are low cost, small sample volume and ease of use. However, they

are synthetized for one particular target molecule and cannot be used for multi-analysis.®
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As shown in Figure 1.3 urine analysis is the most popular with a total of 63% of the
methods for quantification of mycotoxin(s) in urine samples. Blood, serum and plasma methods
compose 15%, 11% and 7% of the methods, respectively.

1.6.1 Methods for the analysis of mycotoxins in urine samples

Figure 1.4 shows that three frequently used techniques are LC-MS (63%), HPLC-FD (19%) and
ELISA (11%), which is in line with Escriva et al. review published in 2017.%°

ELISA techniques were usually used for the detection of aflatoxins in urine with more than
a half of the methods specifically for aflatoxin M1 (AFM1)8%106-17 whereas ELISA methods were
rarely used for OTA and ZEN analysis.'®% The aflatoxin ELISA kits were commonly used to
investigate the association between urinary aflatoxins and dietary exposure in developing countries

as a relatively low cost and easily operated technique.%

Aptamer _ Other methods
1% 1%

ELISA _
11%

HPLC-FD
19%
LC-MS
63%

Figure 1.4. Overview of different techniques used for detection of mycotoxins and their metabolites
in human urine samples. Data from https://www.ncbi.nlm.nih.gov/pubmed/; filters: human
samples, last 10 years, accessed date 20191211. Other techniques are immunosensor and TLC.

On the other hand, HPLC-FD methods for urine samples are mostly used for the OTA
detection, and much less for the aflatoxin class, CIT, ochratoxin o (OTa) and ZEN 111113

There are several multi-mycotoxin methods developed using LC-MS 388284114115
However, LC-MS approaches also have some limitations and challenges in mycotoxin urine
analysis, including recovery, matrix effect and sensitivity 811 Mycotoxins are chemically diverse
compounds, with partition coefficient, logP, and values ranging from -0.87 to 4.79 (ChemAxon
calculator). The partition coefficient (P) is defined as the ratio of concentrations of a compound in
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a mixture of two immiscible solvents. Some mycotoxins are acidic compounds such as ochratoxins
and fumonisins. Others are basic, including all emerging mycotoxins, aflatoxins, and type A and
B trichothecenes. Zearalenone mycotoxins are neutral. Table 1.4 summarizes the properties of
mycotoxins of interest, including pKa which is the negative base-10 logarithm of the acid

dissociation constant (Ka).

Table 1.4. Chemical properties of mycotoxins.

LogP
Mycotoxin (ALOGPS, pKa(strongest acidic) Accessed data 2020/01/14
ChemAXxon)
Aflatoxins
AFB1 1.73,1.58 17.79 http://www.hmdb.ca/
AFB2 1.63, 1.57 17.79 http://www.hmdb.ca/
AFG1 1.81,1.37 -4.4 (strongest basic) http://www.t3db.ca/toxins/
AFG2 1.59, 136 -4.1 (strongest basic) http://www.hmdb.ca/
Trichothecenes type A and B
T-2 1.95,1.02 13.07 http://www.t3db.ca/toxins/
HT-2 1.32, 0.58 12.98 http://www.t3db.ca/toxins/
15-AcDON -0.54, -0.53 12.74 http://www.t3db.ca/toxins/
3-AcDON -0.61, -0.53 12.75 http://www.t3db.ca/toxins/
DON -0.76, -0.97 12.68 http://www.hmdb.ca/
NIV -0.79,-1.9 12.23 http://www.hmdb.ca/
FUS-X -0.59,-14 12.49 http://www.t3db.ca/toxins/
Zearalenone group
ZEN 3.04, 4.37 8.54 http://www.t3db.ca/toxins/
a-ZOL 3.27,4.17 8.54 http://www.t3db.ca/toxins/
B-ZOL 3.27,4.17 8.54 http://www.t3db.ca/toxins/
ZAN - -
a-ZOL 3.23,4.45 8.68 http://www.t3db.ca/toxins/
B-ZAL 3.23,4.45 8.68 The same as a-ZAL
Ochratoxins
CIT 1.23,0.81 3.55 http://www.hmdb.ca/
OTa - - -
OTA 3.18,4.61 3.17 (4.74 measured) http://www.hmdb.ca/
Fumonisins
FB1 -0.81, -0.67 3.16 http://www.hmdb.ca/
FB2 -0.28, 0.72 3.16 http://www.hmdb.ca/
Emerging mycotoxins
ENNA 4.79, 6.46 18.8 http://www.t3db.ca/toxins/
ENNAL 4.39,5.93 18.8 http://www.t3db.ca/toxins/
ENNB 3.81, 4.96 18.8 http://www.t3db.ca/toxins/
ENNB1 4.06,5.41 18.8 http://www.t3db.ca/toxins/
BEA 5.25,7.27 18.8 http://www.t3db.ca/toxins/

18




Establishing a single method for such diverse compounds is challenging from both sample
preparation and HPLC perspectives. It is difficult to find the appropriate sample preparation
technique that could provide enough sample clean-up and efficiently recover all mycotoxins of
interest from a urine matrix. For example, Song et al. examined three sample preparation
techniques, including liquid-liquid extraction (LLE), urine dilution with methanol (1:1, “dilute-
and-shoot” (DAS)) and urine dilution with methanol (1:1) with the subsequent evaporation of
supernatant and the reconstitution step ( “dilute-evaporate-and-shoot” (DES)) for the simultaneous
extraction of the 12 mycotoxins and their metabolites in urine samples (DON, AFB1, AFM1, T-2,
HT-2, neosolaniol (NEO), FB1, OTA, OTa, ZEN, 0-ZOL and p-ZOL).1* Their findings showed
the DES and DAS technique generated a higher matrix effect than LLE which in turn resulted in
poor limits of detection (LOD) of up to 8-20 times higher with DES and DAS than with LLE.*!*
DES and DAS samples also provide a less efficient clean-up, which led to a short column life. !4
However, in order to obtain satisfactory recovery for LLE across all mycotoxins, careful
optimization of solvents and salt concentrations (MgSOa, NH4SO4, NH4AC) were required to
improve recovery of relatively polar mycotoxins (DON, NEO and FB1), which achieved method
recoveries of 70-108%.'* Escriva et al. evaluated and optimized salting-out liquid—liquid
extraction (SALLE), miniQUEChERS (abbreviation name originates from the first letters of quick,
easy, cheap, effective, rugged, and safe), and dispersive liquid—liquid microextraction (DLLME)
to extract 11 mycotoxins (AFB1, AFB2, AFG1, AFG2, OTA, ZEN, BEA, ENNA, ENNB, ENNA1
and ENNB1) from urine.!*® They compared these three techniques based on common validation
parameters. The matrix effect and LLOQ results clearly demonstrated that SALLE had the worst
matrix effect in the range of 76.3-143.8% compared to DLLME (70.6-109.9%) and
miniQUEChERS (70.1-110.1%).1*> On the other hand, DLLME demonstrated 10-17x higher
LLOQs than miniQUEChERS and SALLE.!® These examples illustrate key difficulties in
developing multi-mycotoxin methods with satisfactory LLOQs, recoveries and matrix effects.
Methods that would be appropriate for the analysis of a larger number of mycotoxins with
various chemical and physical properties may need to combine complex sample preparation, by
using multiple techniques. For example, Ediage et al. developed a method for the extraction of 18

mycotoxins and their metabolites, AFB1, aflatoxin B1 N7-guanine adduct (AFB1-N7-guanine),
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AFM1, CIT, DON, DON-3-glucuronide (3-Gluc-DON), de-epoxy-deoxynivalenol (DOM-1),
FB1, hydrolysed FB1 (HFB1), OTA, OTa, 4-OH-ochratoxin A (4-OH-OTA), T-2, HT-2, ZEN,
ZEN-14-glucuronide (ZEN-14-Gluc), a-ZOL and p-ZOL. The sample preparation included ethyl
acetate LLE followed by a strong anion-exchange solid-phase extraction (SAX SPE) and finally
hexane LLE.'’ Solfrizzo et al. used sequential SPE, first reversed-phase Hydrophilic-Lipophilic
Balanced sorbent (Oasis HLB) followed by Myco6inl immunoaffinity to extract AFM1, OTA,
DOM-1, a-ZOL, B-ZOL, and FB1.%®

In summary, sample preparation techniques, such as SPE, LLE, “dilute-and-shoot”,
QUEChERS, and immuno-affinity columns (IAC) are frequently used in urine LC-MS
methods® 8, Simple and direct sample preparation techniques, such as “dilute-and-shoot” are
generally utilized to combine a larger number of metabolites in one LC-MS method and for high-
throughput. However, problems arise when the matrix effect is evaluated and when their sensitivity
is compared to more selective techniques, such as with LLE.80%114117118 Tq the pest of my
knowledge, a maximum of 32 mycotoxins can be analyzed by one LC-MS method which uses
filtration as sample clean-up.'*® However, the study reported significant matrix effects that ranged
from 13% to 335%. In fact, 10 out of 32 mycotoxins had matrix effects in the acceptable range of
80% to 120%.11°

Most existing LC-MS urine methods to date rely on tandem mass spectrometry for
qualitative and quantitative mycotoxin analysis, with triple quadrupole (QQQ) mass spectrometer
as the most often used instrument.4564114117.118-121 - Apngther common instrument is hybrid triple
quadrupole linear ion trap spectrometers (QTrap).38115122123 Tandem mass spectrometry uses a
targeted approach where only pre-selected mycotoxins can be detected, using a multiple-reaction
monitoring (MRM) mode. It relies on recording precursor ion to product ion transitions, which
provide great selectivity and sensitivity. Reported LODs and LLOQs in urine ranged from
0.000125 ng/ml - 12 ng/ml and 0.0005 ng/ml - 40 ng/ml, respectively.® To the best of my
knowledge, the most sensitive methods have LLOQs, which ranged from 0.003-0.5 ng/ml,
0.0013-0.3125 ng/ml and 0.0005-0.9 ng/ml for the measured mycotoxins,83119.123

Tandem mass spectrometry is coupled to high-performance liquid chromatography or
ultra-high performance liquid chromatography (UHPLC),.114115120.121123 The aqdition of HPLC or
UHPLC separation reduces sample complexity prior MS analysis and allows simultaneous

detection of a large number of targeted mycotoxins. Usually, a Cis stationary phase is used and
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provides acceptable separation for toxicologically important mycotoxins.3®117:119.122 Other types of
reversed-phase column are utilized less frequently for mycotoxins, for example phenyl columns.*®
As well, often mobile phases are water/methanol3845114115117.119.121 = \yater/acetonitrile
composition was less used.5412%122 However, there is no consensus about mobile phase additives
and their concentrations. Song et al. and Ediage et al. the examined effect of mobile phase
additives, such as ammonium acetate, ammonium formate, acetic acid and formic acid at different
concentrations on mycotoxin signal intensities and a 0.3% FA and 5 mM ammonium formate in
water/methanol mobile phase was chosen for their methods.!**7 Huybrechts et al. stated that
ammonium acetate/ acetic acid was more preferable in a water/methanol mobile phase, in positive
electrospray ionization mode final additive concentrations were 5 mM ammonium acetate and
0.05% acetic acid, while in negative electrospray ionization mode, it was 0.1% acetic acid.!*®
Warth et al. reported the choice of 0.1% acetic acid in water/acetonitrile mobile phase as

compromise between signal intensity and matrix effect.'?2

HPLC-FD-plasma,3, Aptamer-plasma, 1,
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Figure 1.5. Pie chart shows the percent distribution of techniques and sample type used for the
determination of mycotoxins and their metabolites. Data from
https://www.ncbi.nlm.nih.gov/pubmed/; filters: human samples, last 10 years, accessed date
20191211.
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After the examination of four mobile phase additives (ammonium acetate, ammonium
formate, acetic acid and formic acid) Belhassen et al. chose 0.1% formic acid which resulted in
optimal peak shapes in water/acetonitrile mobile phase.'?° Escriva et al. and Solfrizzo et al. used
1% formic acid and 5 mM ammonium formate and 0.05% acetic acid, respectively in
water/methanol mobile phase.?84>11°

In conclusion, there are a variety of methods developed to monitor mycotoxins in human
urine to date. Published multi-mycotoxin methods focused on achieving a high mycotoxin
coverage by applying simple and high-throughput sample preparation techniques. The increasing
sensitivity of modern mass spectrometers allows us to obtain method LLOQs at sub ng /mL levels
in combination with these simple sample preparation approaches such as “dilute-and-shoot”.
However, almost all of the developed methods for urine suffer from matrix effects which can

impact accurate quantitation of mycotoxins for urine biomonitoring, .

1.6.2 Methods for the analysis of mycotoxins in human blood-derived samples

Compared to methods for the analysis of human urine there are significantly fewer methods
developed for human blood-derived products. Among these, most were developed using ELISA
techniques with 7, 21 and 33% of them targeting human plasma, serum, and blood samples,
respectively, as seen in Figure 1.6. The other of analytical techniques, including LC-MS, have not
been used frequently (1% to 8%), as seen in Figure 1.6. About 81% of ELISA methods were used
for the detection of AFB1 and/or its metabolites, such as AFB1-lysine adduct and AFM1.121-125
Sixteen percent of ELISA methods were used for the OTA detection and only one ELISA method
was reported for ZEN detection.®?12° HPLC-FD was used for the OTA measurement only.130-132
In spite of the recent interest to develop multi-mycotoxin methods, LC-MS methods for various
blood-derived products are still scarce.

There are total of 11 LC-MS methods developed for various blood-derived products (Table
1.5). Amongst these seven methods cover only one mycotoxin or one class of mycotoxins, and
only four methods cover two or more mycotoxin classes. All methods used tandem mass
spectrometry whereas Choe et al. used both HRMS and tandem mass spectrometry.*® Tandem
mass spectrometry was combined with chromatographic reversed-phase separations, such as Cas,
pentafluorophenyl and biphenyl, as shown in Table I.5. Two commonly used mobile phases were

water/methanol**31*® and water/acetonitrile for mycotoxin chromatographic separation.®+136:137
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Table 1.5. Summary of all LC-MS methods for the measurement of mycotoxins in human blood-derived products.

Human | Mycotoxins - LC-MS/MS sample | 33MPle | op, | LLog,
; olumn . - volume, Reference
matrix detection preparation ul ng/mi ng/mi
Dried blood
spot (DBS),
Nucleodur Cis extraction:
blood | OTA and 2’R-OTA | ISIS, 5 um, 150 QT(RS'?:‘Z 5)500 water/acetone/ | 100 | 0.005 | 0.021 134
X2 mm acetonitrile
(30:35:35
VIVIV)
DON, HT-2, T-2, Kinetex F5
NIV, and other ' TripleTOF 6600 LLE (ethyl 133
blood 1 ichothecenes type | 2.8 MM 100X 1o cem (Sciex) acetate) 1000 i i
>S Typ 21mm,100A | %Y
mycotoxins
blood Syneri Polar-RP | API 4000 QTrap
Iserum/ OTA 4 um 150 x 2 (Applied IAC 0.50 g 0.02 0.07 135
plasma mm, 80 A Biosystems Inc.)
AFB1, AFB2,
AFG1, AFG2,
AFM1, DON; DON-
3-Gluc, T-2; HT-2; DBS/DSS,
HT-2-4-Gluc, FB1, Nucleodur Cis extraction: 0.0013-
blood/ OTA, 2’R-0TA, Gravity SB, 3 QTRAP 6500 | water/acetone/ 100 1.396/ 0.005- 136
serum OTa, 10-OH-OTA, um, 100 x 2.0 (Sciex) acetonitrile 0.0012- | 5/0.05-5
CIT, DH-CIT, ZEN, mm (30:35:35, 1.344
ZAN, ALT, AOH, vIvIv)
AME, ENNAL1,
ENNA, ENNB1,
ENNB, BEA,
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Sample

Human Mycotoxins LC-MS/MS Sample LOD, LLOQ,
i Column . ; volume, Reference
matrix detection preparation ul ng/mi ng/mi
AFBL, AFML, DON, | B:phezng" o premier | LLE (ethyl
serum | DOM-1, FB1, GLIO, 5(')”:3 gxmrh ‘1185 Q“""(V[,‘;terri;"'er acetate), 1000 - 0.01-11 137
OTA, ZEN A ’ QUEChERS
OTA, AFB1, AFB2, Gemini 5 um
serum AFGL AFG2, | Cis, 150x2mm, | /7! (?’S%?SX()?QQ (chl(l)_rI(;onrm) 500 | 0205 | 05-1 140
AFM1, AFM2 110A
Protein
precipitation:
ENNAL ENNA, | Hypersil Gold, 3 588 }?ﬁ;?%eo MeOH/H20 02— | 002
plasma ENNB1, ENNB, um, 150 x 2.1 : (40/60, vIv), 250 ; ; 121
Fisher 0.04 0.04
BEA mm Scientific) SPE
(Carbograph-
4)
Nucleosil 100-5 1200-L Protein 0.07-
plasma CIT and HO-CIT | CisHD, 125 x 3 Quadrupole precipitation 1000 0.15 0.15-0.3 141
mm (\Varian) (acetonitrile) )
AFB1, AFB2, Protein 0.02 to 0.10 to
AFG1, AFG2, Kinetex 100 Cus, precipitation 041 1.02
plasma AFM1, ST, PAT, 2.6 um 100 AP éi?gx?QQ (acetonitrile/ 200 and and 139
CIT, FB1, FB2, mmx2.1 mm acetic acid 0.01to 0.09 to
OTA (99/1, viv)) 0.19 0.47
Nucleosil 100-5 1200-L Protein
plasma CIT Cie HD, 3 um Quadrupole precipitation 1000 0.07 0.15 138
125 x 3 mm (\Varian) (acetonitrile)
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Sample

Human Mycotoxins LC-MS/MS Sample LOD, LLOQ,
i Column . ; volume, Reference
matrix detection preparation ul ng/mi ng/mi
AFB1, AFB2,
AFG1, AFG2,
AFM1, AFM2,
OTA, OTo, FB1, T- Protein
2, HT-2, DON, 3- Poroshell 120 precipitation
ADON, 15-ADON, ) QTRAP® 5500 - ] ) 64
Plasma FUS-X, ZEN, ZAN, EC-Cus, 2.7 pum, (Sciex) (acetonitrile/ 200 0.03-0.5 01-1

a-ZOL, B-ZOL, a-
ZAL, B-ZAL, DON-
3-Gluc, ZEN-14-
Gluc, ZAN-14-Gluc,
AFB1-lysine

100 x 3.0 mm,

formic acid
(99/1, viv))

In published studies, positive- and negative-mode electrospray ionization (ESI(+) for aflatoxins, fumonisins, emerging mycotoxins,

OTA, CIT and trichothecenes and ESI(-) for zearalenones and CIT) were employed for the determination of mycotoxins,136.138.139

Achieving the optimal ionization efficiency of mycotoxins in the ESI ion source is still a challenge since mycotoxin physicochemical

properties vary greatly. For example, aflatoxins and fumonisins ionize well in ESI(+) and form protonated ions, whereas emerging

mycotoxins are detected as protonated, sodium, and ammonium ions.'?%1381% |t is known that mobile phase additives can influence

ionization efficiency.®® Similarly to trends observed in urine analysis there is no coherence in mobile phase additives, and their

concentrations which vary from method to method, for example, 1% FA, 0.1% AA and 0.1% FA, 5 mM ammonium formate and 3%

FA 133134137 Multiple-reaction monitoring mode (MRM) data allowed using QQQ and QTrap frequently used in mycotoxin analysis.
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The coupling of MS with liquid chromatography additionally helps to improve both sensitivity and
confidence in quantification. LOD and LLOQ levels achieved in blood-derived samples ranged
from 0.0013-1.396 ng/ml and 0.005-1 ng/ml, respectively, Table 1.5. The sensitivity of LC-MS
methods can also be improved by efficient sample preparation by reducing sample complexity
and/or adding an enrichment step. Blood-derived matrices usually require protein precipitation to
provide protein removal, to remove chromatographic interferences, and to avoid protein
aggregation and column clogging.'#? Protein precipitation can be performed with different organic
solvents, such as methanol or acetonitrile, which are considered to be the most efficient methods
of protein removal and typically provide >90% removal when blood : precipitant ratios higher than
1:2 are used.* In addition, a protein precipitation step also disrupts any protein binding between
mycotoxins and highly abundant carrier proteins in blood. Most mycotoxins of interest, such as
CIT, DON, OTA, ZEN, a-ZOL, B-ZOL, and aflatoxins are able to form stable non-covalent
complexes with human serum albumin.#14Mycotoxin binding constants (logK) to human serum
albumin range from 7.65 to 2.49, as shown in Table 1.6. Generally, non-covalent interactions in
protein-mycotoxin complexes are driven by van der Waals interactions, hydrophobic forces,
multiple hydrogen bonds, and/or electrostatic interactions. Hydrophobic interactions were

determined as dominant in protein-mycotoxin complex.144-146

Table 1.6. Binding constants (K) of mycotoxins to human serum albumin, expressed as logK.

Mycotoxins (unit o:‘OI%IfL /mol) Reference
ZEN 5.5 145
a-ZOL 4.72 145
B-ZOL 4.33 145
AFB1 4.65 144
AFB2 4.55 144
AFG1 4.58 144
AFG2 4.34 144
AFM1 4.52 144
OTA 7.65 146
CIT 5.3 148
DON 2.49 149

Thus the most hydrophobic mycotoxins show a high degree of binding in blood, for example 82.2
to 88.9% for OTA in avian species, around 70% for T-2 and HT-2 in dogs.’”®** This binding must
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be disrupted to ensure mycotoxins are not removed during the protein removal step and to
accurately quantitate their total levels in blood-derived matrices.

To date, different sample preparation methods were used in blood samples, for example,
protein precipitation, DBS, LLE, IAC, and SPE, as shown in Table 1.5. Evaluating all methods in
terms of mycotoxin coverage of toxicologically important mycotoxins, high recovery, minimal
matrix effects and reaching the best limit of detections, there was no method that could perfectly
fit all these criteria. From the sample preparation point of view, extraction of all toxicologically
important mycotoxins using one technique is challenging. The majority of published methods used
a simple sample preparation, such as protein precipitation, DSS and DBS because it can provide a
wide coverage of mycotoxins. For example, Osteresch et al. developed a method for 27
mycotoxins and their metabolites, covering aflatoxins, trichothecenes, ochratoxins, emerging
mycotoxins and zearalenones in both blood and serum samples using DSS and DBS.**® However,
the main drawback of such sample clean-ups are huge matrix effects. Matrix effects are expressed
as a ratio of the signal of an analyte in the matrix to the signal of the same analyte in standard
solution, multiplied by 100. Usually, matrix effects are acceptable if they are is in the range of
80% -120%. But the matrix effects in Osteresch et al. method ranged from 17%-939% and 13%-
842% for serum and blood, respectively.3® There were only two and one mycotoxins with a matrix
effect in the range of 80%-120% in serum and blood samples, respectively.’*® Mycotoxin
recoveries were in the range of 70%-120%, except for DON (< 70%), and FB1 (< 64%) in serum
samples and 3-Gluc-DON (>194%), HT-2-4-Gluc (>130%) in human blood.’*® Fan et al.
developed a method for the measurement of 26 mycotoxins, including aflatoxins, trichothecenes,
ochratoxins, zearalenones and their metabolites in human plasma using acetonitrile protein
precipitation with satisfactory recovery of 70.3% to 115.9%.%* This method also had huge matrix
effects, 28%-125% for 19 mycotoxins and only 9 mycotoxins showed matrix effects within the
acceptable range of 80%-120%.% Multi-mycotoxin and analyte-specific methods were designed
for 11 mycotoxins (aflatoxins, ochratoxins, fumonisins, patulin and sterigmatocystin) with the
recovery of ranging from 60.1% to 109.8% by Cao et al..*3 However, a 60%-140% matrix effect
was observed for five out of 11 mycotoxins.**® Nine mycotoxins (AFB1, AFM1, DON, DOM-1,
FB1, gliotoxin, OTA, and ZEN) were studied by De Santis et al. They also reported significant
matrix effects of 54%-79% for four out of nine mycotoxins. However, clean-up combined ethyl

acetate LLE and QUEChERS was used and resulted in a poor absolute recovery for almost all
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mycotoxins, ranging between 50% and 63%, except for AFB1 (82%).13" Osteresch et al. could
reach sub ng/ml LLOQ for a majority of mycotoxins for human blood-derived samples.®*® Besides,
the Fan et al. method also had low LLOQ levels, 0.1 — 1 ng/ml.%

To conclude, monitoring all toxicologically important mycotoxins with a single LC-MS
method is currently extremely challenging and leads to many drawbacks and compromises, such
as unacceptable matrix effects leading to poor method accuracy, poor recovery and/or poor
LLOQs.

1.6.3 Methods for analysis of mycotoxins in animal blood-derived samples

The methods for analysis of mycotoxins in animal blood-derived samples are also important for
consideration because they could also potentially be adopted for human exposure studies. The
summary of methods for analysis of mycotoxins in animal blood-derived samples is shown in
Table 1.7. All methods used tandem mass spectrometry and C1s chromatographic separation. There
is only one multi-mycotoxin method for the determination of 13 mycotoxins (DON, DOM-1, T-2,
HT-2, ZEN, ZAN, o/B-ZOLs, a/B-ZALs, OTA, FB1 and AFB1) in pig plasma developed by
Devreese. et al..” This method used universal and fast sample preparation, protein precipitation
with acetonitrile, and showed an acceptable absolute recovery (78%-110%) and matrix effect (84
to 109%).” The main disadvantage of the method is the poor LLOQs ranging from 2 to 10 ng/ml.
However, some class-specific methods could reach sub ng/ml LLOQ levels. For example, Han et
al. developed a method for AFB1 and T-2 with LLOQs of 0.05 ng/ml for both mycotoxins.**® They
used a combined sample preparation, acetone protein precipitation and homemade SPE composed
from silica gel and florisil.*™>® Matrix effects ranged from 73.0 to 105.8% and from 74.9 to 88.6%
for AFB1 and T-2, respectively.?® Absolute recovery was in the range of 56-65% and 69-78% for
AFB1 and T-2, respectively.’™ Broekaert et al. developed a method for type B trichothecenes,
DON, DOM-1, 3-AcDON and 15-AcDON in chicken and pig plasma, using protein precipitation
with acetonitrile in chicken and pig plasma. However, sub ng/ml LLOQs were reached only for
DON (0.1 ng/ml) and DOM-1 (0.5 ng/ml) in pig plasma.>! Absolute recovery and matrix effects
ranged from 67 to 97% and from 73 to 97% in chicken plasma and from 28 to 88% and from 44
to 97% in pig plasma, showing an important matrix influence.'® Brezina et al. developed a method
for the determination of ZEN, ZAN, o/B-ZOLs, a/f-ZALs, DON and DOM-1 in pig serum.®2
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Table 1.7. Summary of LLOQ methods for analysis of mycotoxins in animal blood-derived samples.

Published class-specific methods and multi-class methods
Mycotoxins
LLOQ, ng/ml Matrix Author
AFBI1 0.05 Rat plasma Han et al. 1°
AFB1 2 Pig plasma Devreese et al.
T-2 and HT-2 1 and 2.5 Pig and chicken plasma De Baere et al. 1>
T-2, HT-2, T-2 triol 1-5 Pig plasma Sun et al. 1>
T-2 0.05 (T-2) Rat plasma Han et al. '*°
T-2 and HT-2 2and 5 Pig plasma Devreese et al. °
3-AcDON, 15-AcDON, DON, 0.1-1 and 1-2 Pig and chicken plasma Broekaert et al. !°!
DOM-1
DON, DOM-1 1-2.5 and 1.25-2.5 Pig and chicken plasma Baere et al. '
DON 0.45 (DON) Pig serum Brezina et al. '3
DON 10 (DON) Pig plasma Devreese et al. °
ZEN, ZAN, a/B-ZOLs, a/B- 0.5-0.6 Horse plasma Songsermsakul et al. '
ZALs 0.08 -2.37 Pig serum Brezina et al. '3
ZEN, ZAN, a/B-ZOLs, a/Pp- 0.2-1and 1-5 Pig and chicken plasma De Baere et al. ¢
ZALs 5 Pig plasma Devreese et al. ™
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They evaluated 14 sample preparation techniques and chose Oasis HLB SPE based on recovery
which ranged from 82-131%.152 All mycotoxin LLOQs were in the range of 0.08-0.78 ng/ml,
except for B-ZOL with an LLOQ of 2.37 ng/ml.**2 Songsermsakul et al. developed a method for
six zearalenones, ZEN, ZAN, o/B-ZOLs, and o/B-ZALSs in horse plasma using one step IAC clean-
up that resulted in recoveries of 84-100% with LLOQs ranging from 0.5-0.6 ng/ml.**® Type A
trichothecenes, T-2, HT-2 and T-2 metabolite, T-2 triol were analysed in pig plasma by Sun et
al..*® Protein precipitation with acetonitrile resulted in excellent recoveries (89-101%), but poor
LLOQs (1 to 5 ng/ml).*>* De Baere et al. developed a method for pig and chicken plasma for DON,
DOM-1, T-2 and HT-2. Sample preparation included the combination of protein precipitation with
methanol followed by Oasis HLB.'*® LLOQ levels were 1-2.5 ng/ml and 1.25-2.5 ng/ml for pig
and chicken plasma, respectively.?>® Absolute recoveries ranged from 69-92% and 39-115% for
chicken and pig plasma, and a matrix effect of 96-106% and 46-130% for the chicken and pig
plasma.’>® This demonstrates the method for one species may not easily transfer to another species
or biofluid.

In conclusion, amongst all methods developed for mycotoxin detections in animal biofluids
there is no method that would cover all toxicologically important mycotoxins and have ng/ml
LLOQs. Either low recoveries or huge matrix effects or both were observed almost in all methods.
There is no mycotoxin method that would be a good candidate to adopt for human blood-derived
products. Various sample preparation techniques were used in class-specific methods; however, it
is not possible to conclude which is better. Even the combination of two sequential clean-up steps
can result in poor LLOQ levels or recovery and extending a class-specific method to multi-class

analysis is not trivial.

1.7 Mycotoxin metabolism

After exposure, toxins are altered or metabolized by the human body in order for these substances
to be effectively eliminated from the body. However, these toxin metabolites can in some instances
become more toxic than the parent compounds.®**"1% Human metabolism of xenobiotics, such as
mycotoxins, can be classified into two major types: Phase | and Phase Il biotransformation
reactions.®%-161 Phase I biotransformation reactions convert a parent toxin to a more polar molecule
by increasing its hydrophilicity by adding one or more polar functional groups (-OH, —-NH2, — SH
or —COOH).'®* Common reactions of Phase | biotransformation are hydrolysis, reduction, and
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oxidation, as shown in Figure 1.6. The role of Phase Il biotransformation reactions is to produce
significantly more hydrophilic metabolites than the parent toxin in order to promote renal excretion.
In Phase Il metabolism, parent toxins undergo covalent conjugation with small hydrophilic
endogenous molecules such as glucuronic acid, sulfate, lysine, or glutathione (Figure 1.6). Thus
major Phase Il biotransformation reactions are glucuronidation, acetylation, sulfation, conjugation
with glutathione and amino acids. After Phase | metabolism, toxins can undergo additional Phase
Il biotransformation reactions, for example T-2 is first rapidly hydrolyzed to HT-2 followed by
glucuronidation.'®® They also can bypass Phase | metabolism and only undergo conjugation
reactions directly.

Two models are commonly used to study mycotoxin metabolism, in vitro and in vivo animal
models. Due to mycotoxin toxicity human in vivo studies are very rare. Animal models are used to
study metabolic pathways and fate of mycotoxins, however, inter-species differences should be
taken into consideration.®® In vitro models have several major advantages. They are rapid,
relatively inexpensive, easy to manipulate and require a small amount of chemicals. They eliminate
the use of animals and avoid inter-species differences, such as differences in molecular pathways
and metabolism. In vitro models that are most often used in mycotoxin studies are subcellular
fractions of tissue homogenate and cell-based models. Both in vitro models are powerful tools to
study toxin metabolism. However, cell-based models have wider application in toxicity studies.
Cell-based models are also relevant for the assessment of genotoxic, estrogenic and immunotoxic
activities of mycotoxins and acute lethality tests. Subcellular fractions are a good option for toxin
metabolism studies and metabolite characterization, since they contain a rich variety of metabolic
enzymes, such as cytochrome P450, flavin monooxygenases, uridine glucuronide transferases,
sulfurotransferases and glutathione transferases. The primary subcellular fractions are human liver
microsomes, S9 fraction and cytosol. They are obtained by the sequential centrifugation of liver
homogenates. The first isolated fraction of liver homogenates is the S9 fraction which contains a
wide variety of Phase | and Phase Il enzymes involved in xenobiotic metabolism. The S9 fraction
is further separated using ultracentrifugation into microsomes and a soluble fraction called cytosol.
Human liver microsomes are a rich source of Phase | enzymes, including cytochrome P450 and
flavine-containing monooxygenases and Phase Il enzymes, uridine glucuronide transferases. The
liver cytosolic fraction contains the soluble enzymes of Phase | and Phase Il, such as epoxide

hydrolases, esterases, sulfurtransferases and glutathione transferases.
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Figure 1.6. Phase | and Phase Il biotransformations. This figure was reproduced with permission
from reference 1%, license number 4773850578859.

To date, the metabolism of some mycotoxins (AFB1, DON, ZEN, FB1, OTA, CIT, ENNB,
ENNB1 T-2 and HT-2) is well known and has been studied extensively using either in vitro and/or
in vivo animal models. Toxin metabolism studies has identified the main Phase | and Phase 1l
metabolites, which can be further used for the assessment of mycotoxin exposure in biofluids.
Some of these biomarkers may become putative or validated biomarkers of exposure pending
further studies. The major benefit of a biomarker-driven approach is that it can precisely evaluate
an individual’s exposure to mycotoxins. However, the biomarker-driven approach is only slowly
emerging in mycotoxin analysis because of its limitations. Mycotoxin metabolites are not fully
identified and characterized for many mycotoxins, and their commercial standards do not exist for
all toxicologically important mycotoxins. In addition, the metabolites selected as biomarker(s)
should be detectable, be predominant, and be stable metabolite(s) in urine and/or blood-derived
products.

The era of mycotoxin biomarker analysis started in 1980s, from the evaluation of the
carcinogenic aflatoxin effect.'®® To date, known aflatoxin metabolites were investigated to identify
human biomarkers of aflatoxin B1. Out of six known Phase | metabolites (AFM1, aflatoxin Q1
(AFQ1), aflatoxicol (AFL), aflatoxin P1 (AFP1), AFB1 8,9 endo/exo-epoxide (AFBO) and
aflatoxin B1 di-hydrodiol (AFB1-diol)), AFM1 was identified as the only aflatoxin present in
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urine®® while on the contrary Mykkanen et al. demonstrated that AFQ1 was present at higher
concentration (10.4 ng/ml) than AFM1 (0.04 ng/ml).**” They stated unexpectedly high AFQ1
incidences can be associated with the age of participants and their diet preferences showing the
importance of inclusion of all AFB1 metabolites in biomonitoring.®’

Deoxynivalenol metabolism was investigated in vitro using liver microsomes and in vivo
human models.!®® Both models showed that most of the free DON was converted into
glucuronides.®® According to the in vivo model, urinary species of DON exposure were free DON
(27%), DON-3-Gluc (14%) and DON-15-glucuronide (15-Gluc-DON, 58%) demonstrating the
importance of including metabolites for the assessment of exposure.>* The exposure can be
underestimated about four times if mycotoxin monitoring relies on free DON only. 15-Gluc-DON
(0.828-37.7 ng/ml), 3-Gluc-DON (0.583-5.84 ng/ml) and DON (1.39-14.7 ng/ml) were found in
43.8%, 15.8% and 10% of urine samples, showing agreement with in vitro and in vivo studies and
showing their utility as urinary biomarkers.%* Besides glucuronic forms, sulfates were also found
in animal and human studies. However, they only accounted for 1.5% of the orally administered
DON in mice and 4% of the DON quantity ingested through the contaminated food.”"16°

Zearalenones are mycotoxin class prone to glucuronidation and/or sulfation mediated by
families of glucuronide transferases and sulfurotransferases, respectively. All zearalenones can be
conjugated with glucuronic acid or sulfuric acid via the same aromatic hydroxyl groups and
aliphatic hydroxyl group for o/B-ZOLs and o/B-ZALSs. Sulfation and glucuronidation reactions can
be in competition, but glucuronidation reactions imply that a lot of substrate must be present to
saturate the enzyme, whereas sulfation is opposite.1’%"t At low doses of toxin, sulfation can be a
preferred reaction. In addition, it is believed that the co-factor (3'-phosphoadenosine-5'-
phosphosulfate) that assists in sulfation reactions can limit the reaction because its concentration
can vary in different tissues.!’* Metabolic pathways also vary between species because of
differences in the set of enzyme isoforms that catalyse reactions.’21"3 For example the glucuronide
conjugation of ZEN was predominant in in vivo human and rat experiments whereas sulfation was
principally identified in chickens.t’*1"> Unfortunately, the percentage of glucuronidation and
sulfation was not reported in these studies. Pfeiffer et al. reported the ratio of glucuronide-to-sulfate
formation ranged from 0.9 to 2.1, depending on zearalenones, in in vitro studies using human Caco-
2 cells.!’® ZEN, ZAN, o/B-ZOLs and a/B-ZALs glucuronides were generated in vitro using pig, rat,

bovine and human liver microsomes.t’’ Pfeiffer et al. demonstrated interspecies differences, up to
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a factor of 10, for glucuronidation pathways. The highest activity for the glucuronidation pathway
was observed in pig liver microsomes (28-36 nmolmin™*mgprotein™) followed by bovine (11-15
nmolmin-mgprotein™), rat (8-10 nmolmin™*mgprotein) and human (4-7 nmolmin-*mgprotein?)
liver microsomes.'’” Two glucuronides were formed for ZEN and ZAN whereas three glucuronides
were reported for o/B-ZOLs and a/B-ZALs.r”” The glucuronide formation preferred at C-14 over
C-16 for all zearalenones.'’” C-7 glucuronides was preferent over the C-16 conjugation in a/p-
ZOLs and o/B-ZALs except for B-ZAL in the rat liver microsomes.}”” Wu et al. depicted that
enzyme substrate specificity determines the preferred glucuronide form over the others in
compounds with multiple hydroxyl groups.l”® Regioselective properties enzymes depend on the
size and shape of the substrate-binding pocket.!”® In vivo pig and in vivo human metabolism studies
were in agreement about the predominant glucuronic species where only ZEN-14-Gluc were
generated.'™>!"® The results of the Portugal biomonitoring study agreed on both in vivo studies
making it a suitable as urinary biomarker.'® However, Ruyck et al. did not observe ZEN-14-Gluc
in urine samples.%? In order to explain the observed differences, additional studies are required
using the broader panel of ZEN metabolites in both urine and plasma. Recently, Yang et al. studied
ZEN metabolism using in vivo animal model and human liver microsomes and confirmed that
ZEN-14-Gluc was the most observed glucuronide.r’* In addition, several animal studies showed
that fecal elimination is the major route of ZEN excretion.!8! For example, the mean excretion rates
of ZEN were 55% and 15-20% in rat feces and urine and 40% and 26% in pig feces and urine. 179182
Warth et al. reported ZEN renal human excretion rate was 9.4%."

Enniatin B and ENNB1 metabolism was investigated using in vitro and in vivo animal
models. Human, rat, and dog liver microsomes were used for the generation of ENNB metabolites.
Oxidation, dehydrogenation and N-demethylation Phase | reactions produced 12 metabolites.'®
Similar results were obtained for ENNB and ENNB1 when chickens were exposed to these
mycotoxins.!8* Both toxins undergo only Phase | biotransformation, predominantly oxidation, and
no Phase Il metabolites were observed.’®* Biomonitoring studies of ENNB in urine samples
reported that 83.7% urine samples contained ENNB and 87.7%, 96.3% and 6.7% of samples had
the mono-oxygenated, N-demethylated and di-oxygenated metabolites, respectively, based on the
putative identification by HRMS.!8* However, the lack of commercial metabolites does not allow
us to routinely monitor and quantify them in biological samples.
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Schertz et al. described toxicokinetics and detoxification of fumonisins in pigs.”
Fumonisins are poorly metabolized, only minor metabolites were detected, partially hydrolyzed
and fully hydrolyzed forms of fumonisins.”® Current biomonitoring studies are based on the
detection of fumonisins only.*>8° Fumonisin B1 is mycotoxin with a short elimination half-life of
36 minutes in serum, so about 8% of FB1 is excreted unmetabolized in urine.” Bile was proposed
as the main excretion route for elimination of FB1.”

The main metabolites of OTA are OTa and hydroxyl-metabolite.’® OTa is a metabolite
that is formed by the cleavage of the phenylalanine OTA moiety.'>® Mufioz et al. proposed to use
OTo in OTA analysis in both urine and plasma, since OTA is extensively converted to OT0.®® The
importance of the OTA hydroxyl metabolite is not clear in the assessment of exposure to OTA
since OTA hydroxyl metabolite is rarely included in the analysis. Therefore, further analyses are
required to clarify its validity and/or importance in biomonitoring. The presence of OTA and OTa
glucuronide species were confirmed by Solfrizzo et al., Klapec et al., Mufioz et al.33% Currently,
there is only one known metabolite of CIT, dihydro-CIT, which was detected with high frequency
(>70%) in some urine analyses.'®187 Dihydro-CIT concentration was at least three times higher
than CIT indicating its importance for the assessment of exposure.'®!8” Based on Vidal et al.
literature review, the detailed investigation of CIT metabolites has not been performed yet, so it is
possible that human exposure to CIT is underestimated.®®

T-2 and HT-2 are two type A trichothecene mycotoxins. T-2 is rapidly converted to HT-2
in 5 to 20 minutes according to in vivo animal models.”!% Metabolites of T-2 and HT-2 were
studied recently in detail using animal and human liver microsomes and in vivo animal
models.?218 Yang et al. generated 18 Phase | T-2 metabolites and three glucuronides in rats,
chicken, goat, pigs, cows, and humans.%? Additionally, they identified new T-2 sulfate metabolites
in in vivo chicken experiment, however, sulfation was only a minor pathway.'®? HT-2, 3'-hydroxy-
HT-2 and 3-glucuronide-HT-2 were predominant human metabolites.'®? Similarly, HT-2 metabolic
pathways were studied and the same main metabolites, 3'-hydroxy-HT-2 and 3-glucuronide-HT-2
were observed.!® In vivo animal and in vitro using liver microsomes models agreed that
hydroxylation and glucuronidation were the main metabolic pathways of T-2 and HT-2.16218°
These applications demonstrated that a human liver microsomal model provides a superior
alternative to the use of an animal in vivo model. In vitro models are also able to generate similar

numbers of metabolites with a lower cost and higher speed. Moreover, HRMS played an important

35



role in these studies allowing us to identify metabolites without having their commercial
standards, 162189

In conclusion, Phase | metabolites and glucuronides are prioritized for the biomonitoring
of mycotoxins since other Phase Il metabolic pathways typically represent minor pathways in
mycotoxin metabolism. In some cases, metabolites can reflect dietary exposure even better than
parent mycotoxins since they are often the most predominant species in biofluids. However, the
lack of commercial standards does not allow us to include them in routine analytical methods. To
address this limitation, in vitro models using human microsomes can be used to generate mycotoxin
metabolites. Finally, the generated metabolites can be used to build up LC-MS library allowing to
identify metabolites and further include them in routine biomonitoring.®2

1.8 Objectives

Human exposure to mycotoxins is minimized by strict regulation of foods and feed according to
the maximum tolerated levels and modelling of daily intake values of different food commaodities.
However, many recent biomonitoring studies across the globe reported that there were incidences
when individual TDIs were exceeded, showing that periodic surveillance is necessary in order to
better understand and minimize the health risk posed by mycotoxins. Low-cost high-throughput
methods capable of accurately measuring low levels of various mycotoxins still remain scarce thus
impeding broader biomonitoring efforts and in fact no mycotoxin biomonitoring studies have been
reported in Canada in the past two decades.

The goal of my project is to develop a multi-mycotoxin assay for the analysis of 27
toxicologically important mycotoxins, including the well-known mycotoxins, T-2, HT-2, NIV,
DON, FUS-X, 15-AcDON, 3-AcDON FB1, FB2, AFB1, AFB2, AFG1, AFG2, ZEN, a-ZOL, B-
Z0OL, ZAN, o-ZAL, ZAL, OTA, OTa, CIT, as well as emerging mycotoxins, BEA, ENNA,
ENNAL, ENNB, and ENNB1, and their metabolites in human plasma for exposure studies. These
mycotoxins were selected for their prevalence or possible emerging concern in Canada and their
well-established toxicity profiles. In this thesis, | will report two reliable multi-mycotoxin liquid
chromatography-high resolution mass spectrometry methods for the detection and quantification
of these selected mycotoxins in human plasma. The first method covers 17 mycotoxins (T-2, HT-
2, NIV, DON, FUS-X, 15-AcDON, 3-AcDON, AFB1, AFB2, AFG1, AFG2, ZEN, a-ZOL, B-ZOL,
ZAN, a-ZAL, and ZAL) and the second method combines 10 mycotoxins (FB1, FB2, OTA, OTa,
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CIT and emerging mycotoxins). The two methods are required due to diverse physicochemical
properties of mycotoxins. The first method covers basic and neutral mycotoxins whereas the second
method covers acidic classes of mycotoxins, fumonisins and ochratoxins, and the most
hydrophobic mycotoxins belonging to cyclic depsipeptides. Plasma is selected as the matrix for
this analysis as it can provide a better readout of long-term exposure to mycotoxins, at least for
mycotoxins that have long plasma half-life, and it has shown better correlation to food intake for
other mycotoxins with short half-lives. For this application, sensitivity, selectivity, negligible
matrix effects and high analyte recovery were prioritized during method development since
mycotoxins are present at trace levels in plasma. Thus | have compared pentafluorophenyl and Cis
stationary phases and different mobile phase solvents as well as mobile phase additives, such as
acetic acid, formic acid, ammonium formate and ammonium acetate in order to obtain a good
separation of all mycotoxins. Particular attention was paid to the chromatographic separation of
isomeric compounds, 3-AcDON and 15-AcDON, a-ZOL, B-ZOL, and ZAN, a-ZAL and ZAL. |
have also performed a detailed comparison of sample preparation techniques, such as solvent
precipitation with acetonitrile and methanol, solid-phase extraction and liquid-liquid extraction
with ethyl acetate and MTBE, in terms of analyte recovery, selectivity, and matrix effects. The
final choice of sample preparation for this application was made based on the prioritized method
parameters with the specific focus to achieve sub ng/ml LLOQ levels without immunoaffinity
enrichment. This work focuses on the LC-HRMS, which has been used to quantitate mycotoxins
and further to evaluate for qualitative screening of metabolites not included in the test panel. The
first method uses a LTQ Orbitrap Velos with 60000 resolution whereas the second method relies
on the QTOF 6545 operating at 25000 resolution and time-segment polarity-switching. The
finalized methods were validated according to the FDA guidance for Bioanalytical Method
Validation'®® in order to ensure method reliability and accurate quantification. Chapter 2 describes
the development and validation of the first method for 17 mycotoxins while Chapter 4 describes
the second method for 10 mycotoxins.

In addition to the direct application of the first multi-mycotoxin method to measure 17
parent mycotoxins (T-2, HT-2, NIV, DON, FUS-X, 15-AcDON, 3-AcDON, AFB1, AFB2, AFG1,
AFG2, ZEN, a-ZOL, B-ZOL, ZAN, a-ZAL and ZAL) in human plasma, | have expanded and
examined the method and its suitability for the identification and characterization of mycotoxin

metabolites using HRMS in combination with data-dependent acquisition and collision-induced
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dissociation or higher energy collisional dissociation. | have focused on the generation of Phase |
and Phase Il glucuronide mycotoxin metabolites using human liver microsomes as these pathways
are common to the mycotoxins of interest and generate some of the major known metabolites. The
characterized metabolites were used to build the most extensive LC-MS library of mycotoxin
metabolites. This study examines whether multiple existing literature LC-MS methods for
mycotoxin metabolites can be replaced by one single LC-HRMS to increase its versatility.
Moreover, the proposed metabolism studies and resulting metabolite library will allow the use of
extended LC-HRMS method for simultaneous detection of both parent mycotoxins and their
metabolites in order to more accurately estimate human exposure to multiple mycotoxins. These

metabolism studies of 17 mycotoxins are described in Chapter 3.
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2. Liquid chromatography — high-resolution mass spectrometry
method for monitoring of 17 mycotoxins in human plasma for

exposure studies

Chapter 2 was published in an article entitled “Liquid chromatography - high resolution mass
spectrometry method for monitoring of 17 mycotoxins in human plasma for exposure studies”,
authored by I. Slobodchikova and D. Vuckovic and published in Journal of Chromatography A,
2018, 1548, 51-63.

2.1 Introduction

Mycotoxins are fungal metabolites that can be toxic to animal and human populations. Mycotoxin
exposure may contribute to a variety of adverse health effects, as specific mycotoxins may have
hepatotoxic, nephrotoxic, carcinogenic, cytotoxic, immunosuppressive, inflammatory,
neurological, estrogenic and/or teratogenic effects.?%1%2 Direct contact and inhalation represent
minor routes of exposure, while the majority of human exposure to mycotoxins occurs through diet
via intake of contaminated food. In fact, 25% of grain supply worldwide is estimated to be
contaminated with mycotoxins, and the contamination of Canadian food chain is well
documented.1193-1% Although food contamination and consumption data can be used to estimate
human exposure levels, such approaches raise concerns about the accuracy of the estimated levels
especially for at risk populations such as infants and children. In addition, inter-individual
variability in adsorption, distribution, metabolism, and excretion of mycotoxins can contribute to
higher exposure of particular individuals or consumer groups. Thus, the direct monitoring of
mycotoxin levels in biological fluids such as urine or blood is crucial for the most accurate estimate
of human exposure to these toxins and for further refinement of diet-based models.

The majority of existing mycotoxin methods for biomonitoring studies focus on the
quantitation of one or few mycotoxins of similar chemical properties, OTA being the most
commonly studied in biological fluids due to its high toxicity, long lifetime in blood and high
prevalence worldwide with 90-100% incidence in samples tested.®®'%” The use of such single
analyte or class-specific methods®®'%® makes large scale studies of multiple mycotoxins cost
prohibitive. Ideally, accurate methods for monitoring trace quantities of mycotoxins in both urine

and plasma are required to obtain complementary information on both short-and medium-term
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exposure, depending on the toxin half-life in plasma, as well as metabolism and excretion rates of
these species. Depending on the mycotoxin of interest, monitoring of either plasma or urine
specimens can provide different advantages. For example, for OTA, which has plasma life of
35 days®?, monitoring of plasma is beneficial as it can provide evidence of medium-term and time-
weighted average exposure. This mycotoxin is also present at higher concentrations in plasma
versus urine which further supports use of this matrix.1%® For AFB1, analysis of plasma also reflects
medium-term exposure due to AFB1 binding to plasma albumin?®. On the other hand, monitoring
of mycotoxins such as FB1 and T-2 in plasma provides evidence of short-term exposure due to
their shorter lifetimes of 18 min and 8.1 h in rat blood, respectively.t%-21

The importance of direct biomonitoring studies is illustrated by findings of higher
prevalence than expected of some mycotoxins. For example, CIT and its main metabolite were
detected in 90% of urine samples in a Belgian study.''® Another study found that 16-69% and 1%
of Belgian population may have exceeded tolerable daily intakes of DON and OTA, respectively.*®
Gerding et al.'? also found 16% of urine samples collected in Germany exceeded tolerable daily
intake of DON whereas 94% and 40% of study participants in southern Italy exceeded tolerable
daily intakes for OTA and DON®. These studies clearly establish the need and the importance of
direct biomonitoring of mycotoxins. To support multi-mycotoxin biomonitoring studies and reduce
the cost of such studies, the availability of LC-MS assays that can measure as many species as
possible simultaneously and without the need for immunoaffinity enrichment is critically needed.
For example, Wallin et al. used extensive sample preparation including a enzymatic hydrolysis
step, sequential immunoaffinity and reversed-phase SPE to quantitate 5-10 mycotoxins in human
urine.>® Although the method achieved good limits of detection for human biomonitoring, the use
of immunoaffinity increases the cost per sample of the assay and/or restricts the method for analytes
recognized by the antibodies utilized. To avoid these limitations, several LC—MS multi-mycotoxin
methods that omit immunoaffinity enrichment have been reported and validated in urine.17165202
These simple direct injection or dilute-and-shoot methods were recently further extended to enable
(semi-)-quantitation of total of 32 mycotoxins!t® or 23 mycotoxins!?, respectively. Heyndrickx et
al.*® combined two LC—MS methods, one direct filter-and-shoot and one with extensive sample
clean-up (LLE) with ethyl acetate/formic acid followed by strong ion exchange SPE to permit
monitoring of a total of 33 mycotoxins, out of which 9 were detected in urine samples from children

and adult Belgian population®. In addition, two methods combining QUEChERS extraction and
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LC-MS for monitoring of 27 mycotoxins in human breast milk and 30 mycotoxins in animal milk
were also developed.?93.204

In contrast to urine and milk biomatrices, suitable multi-class LC-MS methods for
biomonitoring of human plasma or serum are currently not available due to high matrix complexity,
physicochemical diversity of mycotoxins of interest and the need for exceptional analytical
sensitivity. Thus, for the determination of multiple mycotoxins in plasma, most methods to date
focused on analysis of structurally-related mycotoxins belonging to a single family, for example
ZEN and its metabolites!®® or enniatins and BEA.?! To address these limitations, Devreese et al.”
developed a simple acetonitrile solvent precipitation method in combination with LC—MS for the
measurement of 13 mycotoxins in pig plasma suitable for toxicological studies, but the limits of
quantitation (2—10 ng/m1)’® do not make this method adaptable to human biomonitoring. Similarly,
De Santis et al.™*” combined pronase treatment, acidified ethyl acetate LLE and QUEChERS with
LC—-MS detection for the analysis of 8 mycotoxins, but the method showed insufficient lower limit
of quantifications (LLOQs) for accurate quantitation (mean values for positive samples below
LLOQ) and significant susceptibility to matrix effects for several of the analytes despite extensive
clean-up. Tolosa et al.?% developed a dispersive liquid—liquid microextraction method using ethy!l
acetate in combination with LC-MS/MS for the measurement of 15 mycotoxins in fish plasma.
However, the method LLOQs ranged from 1 to 17 ng/ml which is not sufficient for detection of
mycotoxins in human plasma. Osteresch et al.**® proposed a method that combines simple solvent
extraction using water/acetone/acetonitrile (30:35:35, v/v/v), evaporation/reconstitution and LC—
MS/MS analysis using multiple reaction monitoring mode for dried blood spots or dried serum
spots. This method enables the quantitation of the largest panel of mycotoxins to date in blood (27
mycotoxins and their metabolites) with LLOQs ranging from 0.005-5.0 ng/ml which makes it
suitable for human blood biomonitoring. However, significant stability and matrix effect issues
were observed. For example, matrix effects ranged from 13 to 842% and from 14 to 939% for dried
blood spot matrix and dried serum spot matrix, respectively, whereas the values of 80-120%
indicate the absence of significant matrix effect. In summary, none of the existing methods
adequately meet the needs for human biomonitoring in terms of sensitivity, coverage, accuracy,
and matrix effects. Matrix effect is a complex and analyte-specific phenomenon that can be
compensated by the addition of isotopically-labelled internal standards. These internal standards

can compensate not only for the losses during the procedure, but also any changes in ionization
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due to presence of matrix interferences. However, for the mycotoxins of interest in this work there
are very few commercially available isotopically-labelled standards, and using multiple 3C
isotopically labelled mycotoxin standards makes the method prohibitively expensive to implement
for population monitoring studies. Therefore, one of the objectives of this study was to develop a
sample preparation method that results in minimal absolute matrix effect while achieving high
analyte recovery (>80% was preferable) for this application.

The mycotoxins selected for method development are those routinely monitored and
detected in North American, and specifically, in Canadian food supply.® The effect of sample
preparation (solvent precipitation, SPE and LLE) and LC separation on simultaneous analysis of
all important/prevalent mycotoxin classes using a single small volume sample of human blood was
investigated in detail. Special attention was also paid to minimizing matrix effects without the need
for isotopically-labelled internal standards (especially if unavailable). The final method was
validated for the quantitation of 17 mycotoxins of interest. Current methods do not cover a
sufficiently wide range of such analytes in human plasma, and most still need immunaoffinity
enrichment to obtain satisfactory limits of quantitation. The present work attempts to address the

disadvantages of these current methods.

2.2 Materials and methods

2.2.1 Chemicals

LC-MS grade water, methanol and acetonitrile, and HPLC grade ethyl acetate were purchased
from Fisher Scientific (Ottawa, Ontario, Canada). Acetic acid (AA, meets specifications of
American Chemical Society grade, 99.7%), formic acid (FA, for mass spectrometry, 98%), and
magnesium sulfate (anhydrous, ReagentPlus®, >99.5%) were purchased from Sigma-Aldrich
Canada (Oakville, Ontario, Canada). Pooled human plasma with sodium citrate as anti-coagulant

was purchased from Bioreclamation Inc. (Baltimore, MD, USA).

2.2.2 Mycotoxin standards

Nivalenol hydrate, DON, FUS-X, 3-AcDON, 15-AcDON, AFBI1, AFB2, AFG2, a-ZOL, 3-ZOL,
OTA and ZAN were purchased from Sigma-Aldrich Canada. AFG1, T-2, HT-2, a-ZAL, B-ZAL,

and ochratoxin A-ds (OTAds) were purchased from Toronto Research Chemicals Inc. (Toronto,
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ON, Canada). FB1, FB2 and ZEN were purchased from Cayman Chemicals (Ann Arbor, MI,
USA). Individual standard stock solutions of all mycotoxins at 1 mg/ml concentration were
prepared in 100% MeOH and kept at —80°C. Fumonisin B3 (FB3, 50 pg/ml in 50% acetonitrile)
and C-zearalenone (**C-ZEN, 25.5 ug/ml in acetonitrile) were purchased from Romer Labs
(Union, MO, USA). 3-acetyl-ds-deoxynivalenol solution (3-AcDONds, 100 pug/ml in acetonitrile)
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). A combined 10 pg/ml working
solution of all mycotoxin standards was prepared in methanol every 6 months and stored in aliquots
at —80°C. Isotopically labelled standards were diluted to 10 pg/ml for OT Ads in methanol and FB3
in acetonitrile, 4 pg/ml for 3-AcDONds and 1 pg/ml for 3C ZEN in acetonitrile. 25 ng/ml
concentration of OTAds and FB3 was added immediately prior to LC-MS analysis while
investigating different types of sample preparation techniques. The internal standards, 3-AcDONd3
and BC ZEN were used during final method validation at 10ng/ml and 3ng/ml final
concentrations. During method validation, internal standards were used to monitor injection
volume, signal stability and ionization matrix effects. For application of this final method to
exposure studies, it is recommended to add internal standards to plasma prior to the extraction to

also monitor extraction recovery in study samples as positive quality control.

2.2.3 Method development of sample preparation: comparison of LLE, SPE and

protein precipitation methods

2.2.3.1 Protein precipitation

300 pl of acetonitrile was added to 100 pul of plasma and mixed on vortex (Fisher Scientific VVortex
Mixer) for 20 min. Samples were then centrifuged at 25830xg, (Thermo Fisher Scientific, Sorvall
ST 16R centrifuge) for 10 min at 4°C. The 300 pl of supernatant was aspirated into a new
polypropylene extraction tube, evaporated to dryness using Speedvac (Labconco CentriVap
7812013) and reconstituted into 200 pl of 20% methanol containing OTAds and FB3 internal

standards. This solution was transferred into polypropylene HPLC inserts for analysis.

2.2.3.2 Three-step LLE procedure with ethyl acetate

100 pl of plasma and 150 pl of ethyl acetate were vortexed for 20 min and centrifuged at 25830xg,

4°C for 10 min. The organic layer (100 ul) was transferred into another centrifuge tube. Plasma
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residues were re-extracted two more times using fresh portions of 150 pl of ethyl acetate followed
by vortexing, centrifugation and collection of the organic layers into the polypropylene collection
tube. The collected organic phase (300 pul) was evaporated to dryness using Speedvac, reconstituted
into 200 ul of 20% methanol containing internal standards, and transferred into polypropylene
HPLC inserts for LC—-MS analysis.

2.2.3.3 Two-step LLE procedure with ethyl acetate

The same procedure as described for three-step LLE (Section 2.2.3.2) was used but only 2 x 150 pl
portions of ethyl acetate were used.

2.2.3.4 One step LLE procedure

100 pl of plasma and 300 pl of ethyl acetate were vortexed for 20 min and centrifuged at 25830xg,
4°C for 10 min. The collected organic layer (200 ul) was transferred into a polypropylene
centrifuge tube, evaporated to dryness using Speedvac, reconstituted into 20% methanol containing

internal standards, and transferred into polypropylene HPLC inserts for LC—MS analysis.

2.2.3.5 One-step LLE of acidified plasma with ethyl acetate or methyl tert-butyl ether
(MTBE)

100 ul of plasma was acidified with 1% (FA) to pH 4, and then extracted using ethyl acetate or
methyl tert-butyl ether (MTBE) as described in one-step LLE extraction (Section 2.2.3.4).

2.2.3.6 Complex four-step LLE with ethyl acetate, and sequential salt addition and
acidification

Two-step LLE was performed as described in two-step LLE (Section 2.2.3.3), then MgSO4
(0.0241 g) was added to the plasma residue and extracted with a fresh portion of ethyl acetate
(150 wl) followed by vortexing, centrifugation and collection of the organic layer into the collection
tube. After the third LLE step, FA (50 ul) was added to the plasma residue and this was then
extracted using a 150 pl portion of ethyl acetate. The collected organic phase (400 ul) was
evaporated to dryness using Speedvac, reconstituted into 200 ul of 20% methanol containing
internal standards, and transferred into polypropylene HPLC inserts for LC-MS analysis.
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2.2.3.7 HLB SPE procedure
Oasis HLB SPE (3 cc, 60 mg, average particle diameter 29.2 um, Waters, Massachusetts, USA)

was performed as follows: (i) conditioning with 3 ml of methanol and 3 ml of H20, (ii) loading of
1 ml of plasma, (iii) washing of interferences with 1ml of 5% methanol, and (iv) eluting
mycotoxins with 1 ml of methanol. Collected eluents (700 ul) were then evaporated to dryness,
reconstituted into 200 pl of 20% methanol with internal standards, and transferred into HPLC
inserts for LC—MS analysis. HLB SPE was chosen after preliminary comparison with Cis and SAX
(Appendix A Supplementary Figure Al) because it provided the highest overall method recoveries

across the analytes of interest.

2.2.3.8 Method comparison and selection of optimum sample preparation method

Recovery experiments were performed for each sample preparation technique in order to find an
appropriate method with the highest process efficiency across different mycotoxin classes tested
(Appendix A, Supplementary Figure A2). Blank plasma samples were spiked with 100 ng/ml of
mycotoxins, incubated for an hour, and extracted according to the procedures described in Sections
2.2.3.1-2.2.3.7 (n=3 replicates). Blank plasma is r the pooled plasma which does not contain any
mycotoxins. The amount of analyte in each sample was determined using calibration curves
prepared in reconstitution solvent (20% methanol) according to the formula PE% = Cm/Cih*100%,
where PE% is the process efficiency, Cm is the measured concentration in the injection solvent and
Cin is theoretical concentration in injection solvent which includes the correction for differences in
volumes transferred in specific procedures. This determination is equivalent to process efficiency
as it includes the effects of both extraction recovery and matrix effects due to ionization
suppression/enhancement.

In addition, ionization matrix effect was also evaluated for the best method from each
sample preparation approach (Section 2.2.3). Blank plasma samples were extracted according to
the procedures described in Sections 2.2.3.1, 2.2.3.2 and 2.2.3.7 (n = 3), and then were spiked with
25 ng/ml (n=3) of mycotoxin mixture during the reconstitution step. Matrix effect was determined
according to the formula signal intensity% = Aplasma/Astd. *100%, where Aplasma is the measured peak
area of a given mycotoxin in post-extracted spiked plasma, and Astw. is the measured peak area of

the same mycotoxin in standard solution prepared at the same concentration in 20% methanol. The
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values above 120% indicate significant ionization enhancement, while values below 80% indicate

significant ionization suppression.

2.2.4 Final optimized three-step LLE procedure with ethyl acetate used for
method validation

Final three-step LLE used for validation was modified as follows from the protocol used during
method development. The collected organic volumes after each extraction step were changed to
70 ul, 100 ul and 200 pl after the first, and second and third extraction steps, respectively. The
reconstitution volume after evaporation was changed to 400 ul to prevent early aging of the
chromatographic column. Finally, the evaporation process was strictly time-controlled (320 min)

in order to avoid over drying and achieve consistent recovery across different days.

2.2.5 LC-MS analysis

2.2.5.1 LC-MS development

Initial method development experiments compared the performance of core-shell Kinetex Cis and
PFP columns (2.6 um, 100A, 50 x2.1 mm, Phenomenex, Torrance, California, USA) in
combination with various methanol and acetonitrile gradients in order to separate all mycotoxins
of interest. The critical pair for this separation using both columns was found to be 3-AcDON and
15-AcDON, since the selected mass spectrometry method cannot discriminate isomers. The PFP
column in combination with methanol provided good separation of all isomers, so it was selected
for all further experiments. Next, the effect of mobile phase additives on mycotoxin signal
intensities was investigated using PFP column and methanol gradient containing different additives
(2 mM ammonium acetate, 0.1% FA or 0.1% AA). The effect of these additives on ionization in
ESI(+) and ESI(—) was determined by comparing signal intensities obtained for high concentration
mycotoxin standards and precision in order to find out which additive provided the highest signal
intensity for given mycotoxins. Finally, for ESI(—), the concentration of the best additive (AA) was
also optimized after testing 0.1%, 0.02% and 0.006% v/v AA. The final optimized conditions for
LC-MS method are given in detail in Section 2.2.5.2 below.
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2.2.5.2 Final validated LC-MS method

Chromatographic separation was performed using HPLC 1100 (Agilent Technologies, Santa Clara,
CA, USA) with a Phenomenex Kinetex Pentafluorophenyl (PFP) column (2.6 um, 100 A,
50 x 2.1 mm, Torrance, California, USA) and a guard column (security guard ultra-cartridge for
2.1 mm ID columns) of the same type. The flow rate of 0.3 ml/min and the column temperature of
30°C (CERA Column Temperature controller for liquid chromatography heater 250, Cera Inc,
Baldwin Park, California, USA) were used for all analyses. For positive electrospray ionization,
the mobile phases A and B were water and methanol containing 0.1% AA (v/v). The following step
gradient was used: 5% B for the first 1.0 min, increase to 50% B from 1.0 min to 3.0 min, keep
isocratic at 50% B for 7 min, from 10 to 10.1 min increase to 70% B, from 10.1 to 17.5 min keep
isocratic at 70% B, from 17.5 to 17.6 min increase to 98%, from 17.6 to 26.0 min keep isocratic at
98% B, and finally re-equilibrate the column at 5% B for 7 min. For negative electrospray
ionization, the mobile phases A and B were water and methanol, both containing 0.02% AA (v/v).
The step gradient conditions were 5% B for the first 1.0 min, increase to 50% B from 1.0 min to
3.0 min, keep isocratic conditions at 50% B for 7 min, from 10.0 to 10.1 min increase to 70% B,
from 10.1 to 17.5 min keep isocratic at 70% B, from 17.5 to 17.6 min, increase to 98% B, from
17.6 up to 30.0 min keep isocratic at 98% B, and finally re-equilibrate the column at 5% B for
7 min. The washing step is longer in ESI(—) method because the reduction in the amount of acetic
acid in the mobile phase increases the retention of many analytes by several minutes, so a longer
wash step ensures any lipids are completely washed away before next injection. The injection
volume for all analyses was 10 pl.

High-resolution MS analysis was performed using LTQ Velos Orbitrap equipped with HESI
electrospray ionization source (Thermo Scientific, San Jose, CA, USA). The following ESI(+)
parameters were used: source voltage 4 kV, capillary temperature 275°C, source heater temperature
300°C, sheath gas flow 20, S-lens RF 62% and auxiliary gas flow 5. For ESI(—): source voltage
3 kV, capillary temperature 350°C, source heater temperature 300°C, sheath gas flow 20, S-lens
RF 63% and auxiliary gas flow 10 were used. For both ESI(+), mass range 280 -500 m/z, automatic
gain control target 1 x 10° ions, and resolution of 60,000 were used, except during development
when mass range of 200900 m/z was used.

All analytical batches included analysis of appropriate extraction (three-step LLE, described in

Section 2.2.4) and solvent blanks (20% methanol), plasma calibration curves at the beginning and
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end of the analytical batch, one solvent calibration curve and injection of quality control samples
every 6-10 sample injections to ensure LC-MS stability throughout the run. Plasma calibration
point with 5 ng/ml concentration was injected 4 times and used as a quality control sample during
inter-day experiments. Mycotoxin standard solution with the concentration of 1.25 ng/ml prepared
in injection solvent was injected 11 times and used as a quality control sample during intra-day
experiments. The results of the quality control samples provided the basis of accepting or rejecting
the run. Precision of the quality control replicate injections should not be more than 15%.

For data acquisition and processing, the Xcalibur software 2.7 SP1 was used. Mycotoxins were
quantitated using the most intense ions from the full scan which were extracted with +5 ppm
window. Mycotoxins that ionized efficiently in ESI(+) are aflatoxins and fumonisins with abundant
protonated ions [M + H]*, HT-2 with abundant ammonium adduct [M+NH4]", and T-2 and 15-
AcDON with abundant sodium adduct [M+Na]*. Mycotoxins that exhibit better limits of detection
in ESI(—) are type B trichothecenes including NIV, DON, FUS-X, and 3-AcDON producing
abundant adducts with AA, [M+CH3COO-H] and ZEN, ZAN, B-ZAL, B-ZOL, a-ZAL, a-ZOL
demonstrating highly intense deprotonated molecular ion [M—H] ™. OTA is the only mycotoxin that
gave similar intensities in both ionization modes with the (de)protonated molecular ion. Appendix
A, Supplementary Table A1 summarizes the monoisotopic masses of the most intense ions and

retention times of all mycotoxins.

2.2.6 Method validation

The final fully optimized method was validated according to the procedures described in FDA
guidance for bioanalytical method validation.!® The main parameters for validation were
selectivity, linearity, absolute recovery, accuracy, precision, stability and LLOQ. Matrix-matched
calibration curves were prepared each day for the quantification of mycotoxins in plasma in the
range from 0.039 ng/ml to 10 ng/ml, except for NIV for which range was 3% higher, 0.117 ng/ml
to 30 ng/ml. Blank plasma was spiked with the combined mycotoxin standard to yield 10 ng/ml
concentration of each mycotoxin, except for NIV at 30 ng/ml. Then, two-fold serial dilution with
blank plasma was used to prepare eight more standard concentration levels, followed by mixing
and incubation for 1 h at 4°C which allowed mycotoxins to equilibrate with plasma components.
4°C was required to prevent plasma composition changes caused by enzyme activity. The

calibration curve samples were then treated with three-step LLE (Section 2.2.4) in the same way

48



as validation samples and analyzed using LC—MS. 1/x weighted linear regression was used for all
mycotoxins to build calibration curves from LLOQ to upper limit of quantification (ULOQ) for
each analyte. Internal standard, 3-AcDONds was used in ESI(+) for all mycotoxins, while 3-
AcDONds and 3C ZEN were used for early- and late-eluting (a-ZOL, ZEN and ZAN) mycotoxins
respectively in ESI(—). Absolute recovery was examined using three concentration levels: 0.5, 3
and 8 ng/ml (n=3) for 16 mycotoxins, except for NIV where 9 and 24 ng/ml were used. For NIV,
only two concentration levels were used because of higher LLOQ for this mycotoxin (3 ng/ml) and
the expectation that NIV levels in real samples will not exceed 30 ng/ml. Therefore, two selected
concentrations are sufficient to characterize method performance over narrow range of 3-30 ng/ml.
For absolute recovery, blank plasma samples were spiked before extraction and analyzed against
standard curves prepared using post-extracted spiked plasma. LLOQ, intra-day accuracy and
precision were measured using validation samples (n=6 replicates per concentration level)
prepared by spiking blank plasma at seven concentration levels, 0.1, 0.2, 0.3, 0.5, 1, 3 and 10 ng/ml
for all mycotoxins, except for NIV where 3% concentration levels were used (3 ng/ml, 9 ng/ml and
30 ng/ml), for the same reasons as described for recovery. Inter-day precision and accuracy were
evaluated at the same concentration levels with one replicate per day (n =5 days) measured against
fresh plasma calibration curve prepared on that day. Inter- and intra-day precision was calculated
using relative standard (RSD) formula for the concentrations determined from the calibration
curves. Inter- and intra-day accuracy was calculated according to formula:
accuracy = Cm/Ca*100%, where Cm is measured concentration in validation sample and Ca is the
actual value *°. LLOQ was defined as the lowest concentration that meets minimum signal-to-
noise ratio of 5 and the requirements for precision of <20% RSD and accuracy in the range of 80—
120% based on inter- and intra-day runs. The selectivity of the method was investigated using
human plasma samples from 10 different biological sources to ensure no interferences. The stability
of plasma samples spiked at 0.5 ng/ml and 3 ng/ml for all mycotoxins except for 9 ng/ml NIV was
evaluated under following conditions (n=3 replicates per condition): autosampler at 4°C,

freeze/thaw (3 cycles), 3 h and 6 h bench stability at room temperature.
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2.3 Results and discussion

2.3.1 Development of a sensitive LC-MS method

The main objective of this study was to develop a sensitive and reliable LC—MS multi-mycotoxin
assay to allow simultaneous detection and quantification of common toxicologically important
mycotoxins and their metabolites frequently found in Canadian food supply and thus of possible
interest for biomonitoring. In order to develop a LC-MS assay of suitable sensitivity for this
application, method optimization included development of LC separation (Section 2.3.1.1), MS
optimization (Section 2.3.1.2) and detailed comparison of sample preparation techniques (Section
2.3.2) for a total of 20 mycotoxins. The final optimized method was fully validated according to
procedures described in FDA Bioanalytical Method Validation guidelines'®® for seventeen
mycotoxins: AFB1, AFB2, AFGI1, AFG2, ZEN, a-ZOL, B-ZOL, ZAN, a-ZAL, B-ZAL, T-2, HT-
2, DON, NIV, 15-AcDON, 3-AcDON and FUS-X in human plasma. The proposed method is not
suitable (i) for OTA, FB1 and FB2 due to poor extraction recovery by LLE shown in
Supplementary Figure A9 and (ii) irreproducible retention time of FB1 and FB2 on PFP LC, which

exceeded acceptance criteria for retention time variation during run of 2%.

2.3.1.1 Development of LC separation

The LC-MS method development focused on the isomer separation and achieving low limits of
detection by optimization of mobile phase additives. For LC separation of all mycotoxins and
particularly isomers, different columns (Cis and PFP), different solvents (methanol and
acetonitrile), mobile phase modifiers (FA and AA), and gradients were manipulated to provide
suitable separation. Achieving isomeric separation was important because tandem mass
spectrometry was not used to distinguish isomers. It was found that the pentafluorophenyl column
and methanol mobile phases provided the best separation of all mycotoxins and isomers, especially
the separation of two isomeric compounds 15-AcDON and 3-AcDON which co-eluted when using
acetonitrile-based mobile phases. The chromatographic separation of all mycotoxins is shown in
Appendix A, Supplementary Figures A3 and A4. Isomers, including a-ZAL and p-ZOL, and a-
ZOL, B-ZOL and ZAN are baseline separated except for 3-AcDON and 15-AcDON where a
resolution of 0.7 is routinely obtained. In addition, 3-AcDON and 15-AcDON also show different
ionization behaviour. 3-AcDON ionized better in ESI(—) whereas 15-AcDON preferentially

50



formed sodium adduct in ESI(+), permitting accurate quantitation. Our results of better
chromatographic separation of these isomers on PFP versus C1e column are similar to Breidbach?%
and Baker et al.?%" findings. In addition, Qi et al.?% also applied PFP column for the separation of
four aflatoxins and OTA.

During subsequent sample preparation method development and validation, the
performance of both PFP and F5 columns was tested. The manufacturer describes the columns as
having the same chemistry, but with a surface coverage of 2.4 pmol/m? for F5 versus 3.3 pmol/m?
for PFP column. In our experiment, the selectivity of the two columns was considerably different,
and F5 showed poor isomer separation even after gradient re-optimization. In addition, F5 showed
build-up of triglycerides during long analytical batches which caused significant shifts in retention
time of three mycotoxins (a-ZOL, ZAN, and ZEN) and loss of chromatographic resolution between
critical pair of a-ZOL and ZAN when running long analytical batches (Appendix A, Supplementary
Figure A5). Based on these results, F5 column is not recommended for this application, and PFP
columns from other manufacturers should be carefully examined for similar issues if opting for
PFP columns other than the recommended Kinetex PFP. These results are in agreement with
Tamura et al.?®® who also found differences in isomer separation of selected mycotoxins when

using PFP columns from different manufacturers.

2.3.1.2 Effect of mobile phase additives on ionization efficiency

The effect of additives (FA and AA) on ESI ionization efficiency was evaluated. The results
showed that the intensity of 13 out of 15 tested mycotoxins increased from 1.4 x up to 26 x (for 3-
AcDON) when using AA instead of FA (Appendix A, Supplementary Figure A6). No significant
improvement was observed for NIV and T-2. Taking into account only mycotoxins for which
ESI(—) gives better limits of detection, the average improvement obtained by using AA as additive
was 4.5 x (not including 3-AcDON) showing it is important to use different mobile phases for
positive and negative ESI analysis for this application. For the same mycotoxins, an additional
improvement of signal intensity (ranging from 33% up to 89%) was achieved by decreasing AA
concentration from 0.1% to 0.02% (v/v) in ESI(—) mode (Appendix A, Supplementary A Figure
AT). Further decrease of AA concentration (0.02% versus 0.006%, v/v) showed an additional
improvement of signal intensities ranging from 38% to 112%. However, 0.006% AA resulted in
poor precision for all mycotoxins that form AA adduct (NIV, DON, FUS-X, and 3-AcDON). Area
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RSD% of NIV, DON, FUS-X, and 3-AcDON (n = 6) were 28%, 51%, 46%, and 48%, respectively
for 0.006% of AA versus 9%, 4%, 5%, and 4% for 0.02% of AA. In addition, the other mycotoxins
detected in ESI(—) showed the same trend of poorer but still acceptable precision (range of RSD%
was from 5 to 12% for 0.006% of AA versus 1-4% for 0.02% AA). Therefore, it is not
recommended to decrease concentration of AA in mobile phase for mycotoxin analysis below
0.02% (v/v).

The influence of mobile phase additives on mycotoxin ionization efficiency has not been
investigated in detail to the best of our knowledge. A variety of mobile phase additives are used
for mycotoxin analysis, including FA, AA, ammonium formate, and ammonium acetate, but often
only the final choice of additives is mentioned.”14152210211 Among these studies, Huybrechts et
al.}® used 0.1% AA in ESI(-), and stated that both AA and acetate buffer mobile phases gave
similar S/N ratios (similar sensitivity). Devreese et al.” used 0.1% AA and 0.01% AA for their
multi-mycotoxin and ZEN class-specific methods in pig plasma samples, respectively and state
that these modifiers provided the best sensitivity ¢, but the extent of improvement was not
reported. Osteresch et al. 3 proposed the use of AA gradient and showed it provided better
separation and S/N ratios than FA, but different gradients were tested for the two modifiers
precluding direct side-by-side comparison. However, the potential of AA to increase signal
intensity in ESI(—) was previously shown for other types of compounds. For example, Wu et al.?'?
examined the effect of four mobile phase additives: formic, acetic, propionic, and n-butyric acids
and their concentrations on the signal intensities of four androgen modulators without acidic
functional groups in ESI(—). The maximum improvement of ionization efficiency (about 30%—
50%) of four chosen compounds was obtained with 1 mM AA (equivalent to 0.006% v/v).?'? Zhang
et al.?1® examined FA, AA, ammonium acetate, and ammonium fluoride and their concentrations
on the ESI(—) ionization efficiency of 26 different standards and untargeted metabolomics of urine.
The highest ionization efficiency was provided by 1 mM AA for 23 out of 26 standards and the
highest metabolite coverage/intensity for untargeted metabolomics method. Although more
fundamental research on this topic is needed, it is proposed that the observed good performance of
AA for ESI(—) is due to a combination of factors including optimal pH of droplet environment
(different than bulk pH), facilitating electrochemical reduction which in turn may improve droplet
charging. High gas phase proton affinity of weak acid anions facilitate the deprotonation process
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of analytes and sufficiently small molecular volume of the additive itself does not suppress analyte
ionization.212213

In summary, the final optimized LC-MS method uses a pentafluorophenyl column and the
mobile phase containing water/methanol with 0.1% AA and water/methanol with 0.02% AA for
ESI(+) and ESI(—), respectively to achieve the best possible limits of detection for all mycotoxins

of interest.

2.3.2 Development of sample preparation method for multi-mycotoxin analysis

Sample preparation is a crucial step for the development of this multi-class mycotoxin method. The
mycotoxins of interest in this work are chemically diverse compounds with acidic, neutral and/or
basic properties, and cover wide polarity scale (logP from —1.9 to 4.74).21421" High recovery was
important for this application since mycotoxins are expected to be present in low concentrations
(~pg/mL). In order to obtain high analyte recovery, good selectivity, and to minimize matrix
effects in complex matrix such as plasma, several types of sample preparation techniques were
initially investigated as summarized in Appendix A, Supplementary Figure A2. Among these,
solvent precipitation with acetonitrile, Oasis HLB SPE, and LLE (ethyl acetate versus methyl tert-
butyl ether with or without acidification and salting out) were selected for further detailed
evaluation as described in Section 2.2.3.

The simplest procedure, protein precipitation with acetonitrile similar to the method
proposed by Devreese et al.” for pig plasma, resulted in low process efficiencies of all aflatoxins
(less than 45%). Matrix effects for aflatoxins ranged from 86-93% confirming that this is due to
low extraction recovery (Figure 2.1a). Process efficiency below 80% was observed for NIV, 15-
AcDON, a-ZOL and ZAN, but matrix effect evaluation for these mycotoxins indicates that this is
due to ionization suppression rather than poor extraction recovery (Figure 2.1a). Overall, our results
for extraction recovery using protein precipitation matched well those of Devreese et al.”, after
taking into account matrix effects except for AFB1. The difference in recovery observed for this
mycotoxin may be due to different anticoagulant used (heparinized plasma versus citrated plasma),
different species of plasma or the differences in chromatographic separation.

SPE methods, and especially Oasis HLB SPE, were successfully applied for the mycotoxin
analysis in various matrices, such as aqueous environmental samples?'®, food?® and urine

samples®“°. The wide-spread application of Oasis HLB sorbent is explained by its capability to
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retain different classes of mycotoxins, covering a wide range of polarity. However, this wide
selectivity can also result in insufficient sample clean-up and/or requirement to extract highly
hydrophobic compounds prior to SPE in order to increase the extraction efficiency of mycotoxins.
For example, food supplement samples treated using combination of LLE with ethyl acetate and
Oasis HLB SPE required removal of nonpolar compounds with hexane prior to SPE,?*° Solfrizzo
et al.*® developed a multi-analyte LC-MS/MS method for 7 mycotoxins in urine, which required
two sequential SPEs, a multi-toxin immunoaffinity column and an Oasis HLB SPE, in order to get
proper clean up, high recovery, and repeatability for all stated mycotoxins. The Oasis HLB SPE
method (Figure 2.1a) developed in this work did not provide high process efficiencies of ZEN
(21%) and its metabolites (a-ZOL (8%) and B-ZOL (45%)), ZAN (10%), NIV (57%) and 15-
AcDON (55%), OTA (16%), and AFB1 (69%) (Figure 2.1a). A matrix effect experiment (Figure
2.1b) showed significant suppression for: ZEN (57%) and a-ZOL (17%), B-ZOL (46%), ZAN
(32%), NIV (54%), 15-AcDON (29%), 3-AcDON (58%), FUS-X (76%), B-ZAL (78%), and a-
ZAL (71%). For majority of mycotoxins ionization suppression resulted in poor process efficiency,
except for AFB1 and OTA where low extraction efficiency also played a role.

It should be noted that the SPE method presented here incorporates an enrichment step
versus what was used for LLE, which significantly contributes to the observed ionization
suppression. We also evaluated process efficiency for HLB SPE after 5x-dilution (without
inclusion of evaporation/reconstitution step) to match LLE, and we still observed a low process
efficiency for AFG2, AFG1, OTA, a-ZOL, ZAN and ZEN. Further optimization of SPE wash and
elution solvents may further improve the selectivity of SPE but was not further explored in this
study as LLE provided an acceptable performance and lower cost per sample as discussed below.

To examine the recovery of mycotoxins using LLE, the selectivity of ethyl acetate versus
methyl tert-butyl ether (MTBE) was first investigated. The results obtained showed that ethyl
acetate provided a higher recovery for all mycotoxins of interest (Appendix A, Supplementary
Figure A8Db). The number of extraction steps required for complete recovery was investigated next
(Appendix A, Supplementary Figure A9). Two-step LLE showed significant increase in process
efficiency as expected theoretically, while third step provided noticeable gains in process efficiency
for NIV, DON, FUS-X, 15-AcDON, HT-2 and T-2. Based on these results, the three-step LLE was
selected. Considering the recovery of acidic mycotoxins was very low, the effect of plasma

acidification prior to LLE was also investigated.
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Figure 2.1. Comparison of (a) process efficiency (PE%) and (b) absolute matrix effects evaluated
for mycotoxins in human plasma samples. Protein precipitation with acetonitrile, 3-step LLE with
ethyl acetate, and Oasis HLB SPE were used for the evaluations of PE% and matrix effects.
PE% = Cm/Cih*100%, Cm is the measured concentration in the injection solvent and Ciw is
theoretical concentration in injection solvent) and (b) absolute matrix effects observed for
mycotoxins in human plasma using protein precipitation with acetonitrile, 3-step LLE with ethyl
acetate, and Oasis HLB SPE. For (a) plasma (n = 3) was spiked pre-extraction with 20 ng/ml of
mycotoxins for LLE and SPE and 100ng/ml for protein precipitation and analyzed against
standard curve prepared in reconstitution solvent (20% methanol). f-ZAL and a-ZAL standards
were not available at the time experiment (a) was performed. For (b) extracted plasma (n = 3) was
spiked post-extraction with 25 ng/ml of mycotoxins, peak areas of mycotoxins in plasma were
compared to the peak areas in solvent (20% MeOH) to estimate matrix effect. The results show
mean values while error bars show standard deviation of three replicate determinations.

55



Considering pKa values of FB1 (pKa 3.16%!%), FB2 (pKa 3.162'*) and OTA (pKa 4.2-4.4%%°), pre-
spiked plasma samples were acidified with 1% of FA to a pH of 4 before one-step LLE to increase
extraction efficiency. As expected, this enhanced the process efficiency of OTA (19.9%), FB1
(4.9%) and FB2 (8.9%), but unfortunately also significantly reduced the process efficiency of FUS-
X, AFG1, AFBI, B-ZOL, T-2, HT-2, a-ZOL, ZAN and ZEN (Appendix A, Supplementary Figure
A8a). In Appendix A, Supplementary Figure A10 shows that acidifying of plasma before or after
two-step LLE results in improved process efficiency of acidic mycotoxins (OTA, FB1 and FB2)
but lowers the process efficiency of all other mycotoxins because of matrix effects so lower pH
values were not further explored. Finally, it was decided not to include a pH adjustment step in the
final method.

Salting out effect was also investigated to improve the recovery for polar compounds, such
as NIV. Addition of salts at high concentration can induce extraction of polar compounds from
aqueous phase to organic one. Dissolved salt generates a combination of electrostatic repulsion and
enhancement of the hydrophobic effect which disfavour water-solvated states of polar molecules
forcing them to exit the aqueous phase. MgSO4 was selected for this purpose based on the study
by Song et al..** They investigated the influence of different salts on extraction efficiency of 12
mycotoxins using a salting-out assisted LLE that included addition of salt to urine samples before
the extraction with ethyl acetate followed by addition of acetonitrile to the remaining sample. The
highest process efficiency was achieved with MgSOa and it helped to improve process efficiency
of all mycotoxins, especially polar mycotoxins such as NIV, DON, and FB1, for which the recovery
increased from a few percent to almost 100%.%* The use of MgSQOa in our LLE method improved
the process efficiency of the most polar mycotoxin NIV from 24% up to 34% (Appendix A,
Supplementary Figure A10), but reduced process efficiency of all other mycotoxins. Sequential
acidification followed by salt addition (Appendix A, Supplementary Figure A10) also did not result
in acceptable recovery of both acidic and neutral/basic mycotoxins. Based on all these results, three
step LLE using ethyl acetate without pH or salt adjustment was selected as the best LLE method
for this application.

Tolosa et al.?® and Escriva et al.!'® also showed that ethyl acetate provided better extraction
recovery than chloroform for various mycotoxins in plasma and urine samples, respectively using
dispersive liquid—liquid microextraction format. Qi et al.?®® compared the extraction efficiency of

ethyl acetate and toluene for four aflatoxins and OTA from snus and smokeless tobacco products,
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whereas Belhassen et al.'® used ethyl acetate for extraction of six zeranols from human urine
samples with high recovery. Three type of sample preparation techniques, reversed phase SPE,
LLE with chloroform and LLE with mixture of acidified acetonitrile and ethyl acetate, were also
compared for the extraction of five aflatoxins and OTA from milk??, Both LLE methods resulted
in better recovery than SPE, with the highest recovery provided by mixture of acidified acetonitrile
and ethyl acetate.??

The results of all sample preparation techniques tested showed that there was no single method
that could provide the process efficiency of all mycotoxins above 80% (Figure 2.1a). Figure
2.1summarizes only the results of the three best methods from each technique; protein precipitation
with ACN, three-step LLE with ethyl acetate, and Oasis HLB SPE. Based on the fact that three-
step LLE showed no significant matrix effect for any of the mycotoxins and achieved recoveries
above 80% for FUS-X, 15-AcDON, 3-AcDON, AFG2, AFG1, AB2, AFBI1, a-ZOL, ZAN, and
ZEN mycotoxins, it was selected as the best method for this application. The presence of plasma
compounds co-eluting with mycotoxins can enhance/supress their signal intensities resulting in an
inaccurate quantification, and effecting reproducibility and accuracy of the method. In addition,
plasma samples without proper sample clean-up can cause early LC column aging. Therefore, the
advantages of using more selective sample preparation methods such as LLE for this application
are multi-fold. However, the chosen method provides unacceptably low recovery for OTA (0.6%),
FB1 (0.7%), and FB2 (0.6%). Therefore, it is not recommended to monitor these analytes using the
current method and OTA, FB1 and FB2 were excluded from method validation. A separate method

that can provide high recovery and reduced matrix effect has to be developed for these analytes.

2.3.3 Results of method validation

The primary goal of method validation is to assess the method performance for intended
application. There is no specific validation guidance established for exposure monitoring studies,
so the method performance in this study was evaluated using the procedures set by FDA for the
evaluation of drugs and their metabolites in biological matrices using LC-MS, but slightly wider
acceptance criteria of 80-120% accuracy and <20% RSD was applied for this biomonitoring
method due to the measurement of very low concentrations of interest, close to instrumental LLOQ.
The method validation was performed for 17 out of 20 mycotoxins; OTA and fumonisins were

excluded based on their unacceptable recovery during method development. The main parameters
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evaluated during method validation included: linearity, recovery, accuracy, precision, LLOQ,

selectivity and stability.

Matrix-matched calibration curves were linear for all mycotoxins in the range of LLOQ to

10 ng/ml and LLOQ to 30 ng/ml for NIV with the average correlation coefficients in the range from

0.995 to 1.000. Mean absolute recoveries of 16 mycotoxins using the finalized method ranged from
74% to 113%, except for NIV (17%) (Appendix A, Supplementary Figure A11). The low absolute
recovery of NIV led to higher LLOQ (3 ng/ml) than for other mycotoxins and necessitated higher

spiking concentration levels for validation samples for NIV.

Table 2.1. LOD and LLOQs of all mycotoxins and inter- and intra-day accuracy and precision
obtained at LLOQ level. *Analyte does not meet FDA requirements.

LLOQ LLOQ ESI(-), intra-day ESI(-), inter-day
Mycotoxin (ng on-
(ng/mL) column) Accuracy RSD% Accuracy RSD%
B-ZAL 0.1 0.001 105.6 7.4 105.4 104
FUS-X 0.2 0.001 994 5.2 97.3 15.7
3-AcDON 0.2 0.001 88.4 8.3 97.1 16.7
B-ZOL 0.2 0.002 104.1 7.6 88.3 16.9
o-ZAL 0.2 0.002 100.7 6.7 84.2 11.7
DON 0.3 0.003 109.0 5.6 87.9 20.6
a-ZOL 0.5 0.005 146.0* 31.0* 91.4 154
ZEN 0.5 0.005 124.0* 6.5 86.5 11.8
ZAN 0.5 0.005 117.3 5.7 86.4 16.9
NIV 3 0.03 98.9 16.5 99.6 9.8
) LLOQ LLOQ ESI(+), intra-day ESI(+), inter-day
Mycotoxin
(ng/ml) (ng) Accuracy RSD% Accuracy RSD%
15-AcDON 0.2 0.001 100.3 6.4 100.5 17.3
AFG2 0.2 0.002 102.9 6.1 89.6 114
AFG1 0.2 0.002 100.8 10.5 87.1 19.7
AB1 0.1 0.001 87.2 13.2 84.1 13.1
AFB2 0.2 0.001 96.2 9.1 86.0 14.7
HT-2 0.2 0.002 93.6 8.9 84.8 12.6
T-2 0.2 0.002 105.2 4.0 91.7 11.2

The LOD of the method was determined as the lowest concentration of mycotoxin that

could be detected with a minimum signal-to-noise ratio of 3. The LLOQ of the method was

determined based on the results of precision and accuracy obtained during intra- and inter-day

experiments to meet the following requirements <20% RSD and the range of 80-120%,
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respectively. Two compounds that did not meet the FDA requirements for LLOQ are a-ZOL and
ZEN. Their intra-day accuracy and precision were 146% for a-ZOL with 31% RSD and 124% for
ZEN with 6.5% RSD. The results obtained are summarized in Table 2.1.

The mean intra-day accuracy ranged from 85.8% to 116.4%, and intra-day precision ranged
from 1.6% to 12.5% RSD for all the concentration levels higher than LLOQ except for a-ZOL
(Appendix A, Supplementary Figure A12). This meets the requirements of 80-120% accuracy and
%RSD <20% for 16 out of 17 mycotoxins. a-ZOL showed poorer accuracy for 1 ng/ml (72.9%
with 16.8% RSD). Inter-day accuracy and precision results are shown in Figure 2.2 and Appendix
A, Supplementary Table A2. The mean accuracy ranged from 85.5% to 111.5%, while precision
ranged from 2.7 to 17.7% RSD. In summary, intra- and inter-day accuracy and precision results
show that this method performed well for the analysis of trace concentrations of mycotoxins, and
that accuracy of 80—-120% and precision of <20% RSD can be achieved for all mycotoxins except
for a-ZOL at all concentration levels above LLOQ. The selectivity and detailed matrix effect
experiments show that the poorer (and variable) precision and accuracy observed for a-ZOL were
primarily due to matrix effects and could not fully be compensated by using the **C-labelled ZEN
standard which elutes at different retention time (Appendix A, Supplementary Figure A13).

The selectivity experiment showed that there was a very intense co-eluting peak at m/z
277.1447 that can interfere with a-ZOL and impact its accuracy/precision during the filling stage
of the Orbitrap. The detailed investigation of absolute matrix effects in the same 10 individual
plasma samples that were spiked at low mycotoxin concentrations (close to the LLOQ), show the
influence of matrix on signal intensity (Figure 2.3). The experiment revealed that the zeranols could
be prone to suppression in individual samples. All zeranols were suppressed more in female than
male plasma samples, possibly due to suppression by female sex hormones which are structurally
similar and expected to elute in the similar retention time window according to the LC-MS method
developed by Capriotti et al..??Among all zeranols, a-ZOL was the most affected by the plasma
components, with signal intensity dropping to 29% (mean for female samples). The best solution
to compensate and to monitor matrix effect for zeranols, and to have accurate quantification,
especially for a-ZOL, is to use a labelled internal standard for this analyte. Another option, in the
absence of labelled standard, is to re-analyze a-ZOL positive samples using a single-point standard
addition to obtain more accurate concentrations of this mycotoxin, if required. A detailed study by

Fabregat-Cabello et al.?®® compared different calibration approaches for mycotoxins in food and
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feed, and found single-point standard addition is the most efficient option of accurate quantitation
when an isotopically labelled internal standard is not available??®, Finally, the observed matrix

effects in some of the individual plasma samples will slightly impact the LOD of the method in
individual samples for zeranol class of mycotoxins.
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Figure 2.2. Inter-day accuracy and precision for mycotoxins detected in ESI(+) (a) and ESI(—) (b).
y-axis shows mean accuracy, and standard deviation (n =5) is shown as an error bar. Inter-day
precision and accuracy determination was performed using 0.2, 0.3, 0.5, 1, 3, and 10 ng/ml
validation plasma samples (n = 5 days), except for NIV where 3 x the stated concentrations were
used (denoted with*). Standard curve in plasma was prepared on each day to analyze validation
samples. For each mycotoxin, all concentrations above its LLOQ are shown.
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The highest impact will be for a-ZOL, where 2-3x higher LODs as well as LLOQs may be
observed for the samples with severe matrix interference and suppression, while for other zeranols
the effect on LOD or LLOQ will be slight to negligible. For other mycotoxin classes, Figure 2.3
shows that there were no significant absolute matrix effects detected across various individual
samples. This confirms that the method will be able to provide highly accurate and precise results
for these mycotoxins even if individual internal standards for each mycotoxin are not available.

The investigation of stability, namely, prepared extract stability on autosampler at 4°C for
96 h and stability during 3 freeze/thaw cycles showed that all analytes are stable at these conditions
except DON for which a significant increase in recovery was observed for 96 h 0.5 ng/ml sample
(Appendix A, Supplementary Figures Al4 and 15). The 96 h stability shows that very long
analytical batches, suitable for exposure monitoring studies, can be accommodated using the
current method. However, tests of 3h and 6h bench stability of plasma samples at room
temperature revealed that two compounds out of 17, AFG2 and AFG1 were not stable at these
conditions (Appendix A, Supplementary Figure Al4).

This result is in agreement with the study by Diaz et al..??* They found that the AFG2 and
AFG1 stability depends on temperature and composition of the solvent.??* Huge losses of AFG2
and AFG1 were observed when they were dissolved in an organic solvent with any amount of water
and kept for 24 h at 20°C. However, no significant decrease was noticed for AFG2 and AFG1
dissolved in a solution containing more than 20% of organic solvent and kept at 5°C. The
evaluation of autosampler stability in this paper was performed using 20% organic solvent and
showed similar stability of these compounds. For the purposes of this method, unacceptable
benchtop stability of AFG1 and AFG2 in plasma means that plasma should be thawed on ice and
processed immediately after thawing.

The method developed and validated in this work provides better sensitivity than the multi-
class mycotoxin method proposed for pig plasma (2—10ng/ml)” and analyte-specific methods
proposed in the same work (0.5-5 ng/ml). In comparison to multi-mycotoxin method for dried
serum spots, our assay provides better LLOQs for T-2, ZAN, ZEN and HT-2, similar LLOQ for
AFG2 and slightly poorer LLOQs for other aflatoxins, but it should be noted that a S/N of 10
criteria was used for the determination of LLOQ without stringent accuracy/precision requirements
applied in current study.*3® The LLOQs for aflatoxins in our work were 0.1 ng/ml for AFB1 and

0.2 ng/ml for the remaining aflatoxins. These results are better or similar to the class-specific
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methods used for the direct measurement of aflatoxins in plasma or serum. For instance, reported
LLOQ:s for aflatoxins using LC-MS/MS analysis ranged from 1 ng/ml for ethyl acetate LLE??®,
0.21-0.43 ng/ml for dilute-and-shoot method by Cao et al.**®, and 0.13-0.42 ng/ml for HLB SPE.??
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Figure 2.3. Investigation of absolute ionization matrix effect in 10 individual plasma samples using
ESI(+) (a) and ESI(—) (b). Plasma samples were spiked with mycotoxin mixture to have
concentration 0.3 ng/ml for 15-AcDON, AFB1, AFB2, AFG1, AFG2, HT-2, T-2, 3-ACDON, FUS-
X, p-ZAN, B-ZOL, a-ZAN, 1.5 ng/ml for DON, o-ZOL, ZEN, ZAN and 9 ng/ml for NIV. The area of
post-extraction spiked individual plasma was compared to the area of the standard solution
prepared in 20% MeOH in order to determine absolute matrix effect.

It should be noted that all three of these studies used S/N ratio for LLOQ determination,
while our study used the more stringent accuracy and precision requirements. Corcuera et al.
obtained LLOQ of 2 ng/ml for AFB1 in combination with UHPLC with Post-column Fluorescence
Derivatization (UHPLC-FLD) analysis using similar LLOQ criteria to our study.'%? For type A
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trichothecenes, HT-2 and T-2, we established LLOQs of 0.2 ng/ml. This is significantly better than
reported LLOQs in literature for animal plasma matrices which ranged from 1ng/ml for pig

158 and 1-2ng/ml for pig plasma.’® Our results are

plasma®®, 2.5ng/ml for chicken plasma
comparable to analyte-specific method for AFB1 and T-2 where LLOQ of 0.05 ng/ml was obtained
in rat plasma after protein precipitation and SPE and using S/N criterion of 10.1*° Type B
trichothecenes had LLOQs of 0.2 ng/ml (3-AcDON and 15-AcDON) and 0.3 ng/ml (DON) in our
study. In contrast, Broakert et al. reported LLOQs for 1-2 ng/ml for chicken plasma and 0.1—
1 ng/ml for pig plasma for the same three analytes when using acetonitrile protein precipitation®®!,
de Baere et al. reported 1 ng/ml for pig plasma (DON), 1.25 ng/ml for chicken plasma for DON
when using a combination of protein precipitation and HLB SPE*3, and Brezina et al. reported
0.45 ng/ml using HLB SPE for DON.*? For other members of this family (NIV and FUS-X) we
did not find any relevant literature for comparison. For the ZEN class, our LLOQs ranged from
0.1-0.5 ng/ml. Songsermsakul et al. reported 0.5-0.6 ng/ml for determination of this class in horse
plasma®®®, whereas Brezina et al. reported LLOQs between 0.08-2.37 ng/ml using HLB SPE in pig
serum.’®2 In addition, LLOQs obtained for ZEN and its metabolites are better in current study than
for analyte-specific method that relied on protein precipitation (0.2—5 ng/ml) in chicken and pig
plasma®®®. Overall, the LLOQs for our multi-mycotoxin method compare well with class-specific
methods previously reported in literature and provide similar or significantly better LLOQs while
expanding the number of mycotoxins that can be evaluated. In addition, for many of the mycotoxins
under study, this is first method developed for their measurement in human plasma.

For the mycotoxins included in current method, there is very limited data available on their
concentrations and occurrence in plasma or serum. In a study of serum from 213 children, De Santis
et al.”*” reported range from <LOD to 27.9 ng/ml for DON (19.5% positive), ZEN <LOD to
3.9 ng/ml (5.4% positive) and <LOD to 0.73 ng/ml for AFB1 (22.9% positive). Based on these
reported concentrations, our method should be suitable for human biomonitoring studies and
provides better LLOQs for two out of these three mycotoxins, while providing capability to
simultaneously monitor additional 14 mycotoxins.

The simultaneous analysis is a critical aspect of this work. During biomonitoring studies, it
Is not known a priori which mycotoxins may be present. The availability of a method that can
accurately measure large number of mycotoxins that commonly occur in the food supply reduces

the cost of analysis per sample over methods that would focus only on a single mycotoxin. It allows
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monitoring of large number of samples (hundreds or thousands) to identify sub-populations that
may exceed recommended exposure guidelines. The use of high-resolution Orbitrap mass
spectrometry and the extraction/separation methods which can accommodate mycotoxins of
varying polarity, also permits the use of this method for screening of additional mycotoxin
metabolites for later inclusion in the panel. These mycotoxin metabolites can be missed by targeted
strategies relying on multiple reaction monitoring, and thus an underestimation of mycotoxin
prevalence and concentrations can be reported. This has been illustrated well in recent studies on
urine, where direct monitoring of urine samples for parent compounds resulted in low detection of
positive study samples (0-8%) for ZEN and its metabolites, whereas inclusion of enzymatic
hydrolysis and immunoaffinity cleanup step showed much higher prevalence across all studies
ranging from 17 to 100% depending on geographic location and analyte.'® In addition, high-
resolution MS data can also be retrospectively examined for other mycotoxins that may become of
particular health interest. The main disadvantages of high-resolution MS for this application are
large file size, high cost of instrumentation and data analysis time required for retrospective

analysis.

2.4 Conclusions

The goal of this study was to develop a sensitive and reliable LC-MS based multi-mycotoxin assay
allowing simultaneous detection and quantification of common toxicologically important
mycotoxins and their metabolites. The method was successfully developed and validated for 17 out
of 20 initially stated mycotoxins, with 15 of these mycotoxins meeting accuracy and precision of
80-120% and <20% RSD at all concentrations tested including LLOQ. High sensitivity of the
method was achieved through careful optimization of sample preparation technique,
chromatographic separation, and mobile phase additive selection. With newer models of Orbitrap,
additional shortening of analysis time and improved limits of detection can be anticipated. The cost
per sample of the method was kept low by employing LLE and minimizing absolute matrix effects
which permits the use of limited number of isotopically labelled internal standards for quality
control purposes. This makes the proposed method cost-effective for implementation in large-scale
population monitoring efforts. The main disadvantage of our method is that additional IS for a-
ZOL is highly desirable and should be incorporated in future studies whenever possible (or

alternately, standard addition method should be used for a-ZOL positive samples). Due to the use
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of high-resolution MS, the method can also be used for screening of the presence of additional
mycotoxins and their metabolites for future inclusion in the panel and to study mycotoxin
metabolism in humans in more detail. It will also allow to study temporal and inter-individual
differences of mycotoxin concentrations as insufficient data exists for the mycotoxins in our panel.
To the best of our knowledge, this is the first LC—-MS method for highly sensitive analysis and
quantification of 17 mycotoxins in human plasma samples. The availability of this method opens

up new and exciting opportunities for direct exposure monitoring of these common contaminants.
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3.  Characterization of Phase | and glucuronide Phase Il metabolites
of 17 mycotoxins using liquid chromatography — high-resolution mass

spectrometry

Chapter 3 was published in an article entitled “Characterization of Phase I and glucuronide Phase
Il metabolites of 17 mycotoxins using liquid chromatography—high-resolution mass

spectrometry” authored by 1. Slobodchikova, R. Sivakumar, S. Rahman and D. Vuckovic, in Toxins
2019, 11(8), 433.

3.1 Introduction

Mycotoxins are toxic chemically diverse secondary metabolites produced by filamentous fungi.
Their structural diversity can give rise to several adverse effects in humans and animals, such as
carcinogenicity, immunosuppression, teratogenicity, nephrotoxicity, and hepatotoxicity.? The
contamination of food and feed supply with low levels of mycotoxins is widespread, and includes
commodities such as wine, apple juice, cereals, milk, coffee beans, maize, nuts, dried fruits, and
meat products,t1:13193.195.227.228 Eor example, a worldwide survey of more than 19,000 cereal and
oilseed samples found that 72% were contaminated with one or more mycotoxins: aflatoxins
(26%), DON (56%), OTA (25%), fumonisins (54%), and ZEN (37%).2 In agreement with these
findings, the most recent surveys of Canadian food supply showed 59% and 75% of the tested
samples had detectable levels of at least one mycotoxin, with the most frequent incidence of
DON.%! Many other studies to date have also confirmed the co-occurrence of multiple mycotoxins
in food and feed samples®®22°, which in turn may lead to synergistic or antagonistic effects.
Currently, the assessment of human mycotoxin exposure is primarily modelled from the
measured/estimated levels of mycotoxins in the various foods and the calculated daily average food
intake of various food groups to estimate population exposure and introduce regulations for food
monitoring when appropriate. However, an individual’s food consumption pattern depends on
personal preferences. Thus, population-based food intake models can lead to the inaccurate
estimation of human exposure to mycotoxins and, subsequently, higher health risk in some sub-
populations. Vegetarian and non-vegetarian adult exposure to DON is one such example, whereby
arecent U.K. study found ~2 x higher mean level of DON in vegetarians than in non-vegetarians.*®

Furthermore, the exceeded recommended tolerable daily intakes (32%) were found only in
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individuals belonging to the vegetarian group. Biomonitoring of adult and children urine samples
in large-scale exposure studies also demonstrated that daily tolerable intake was exceeded for some
mycotoxins, 384446

To address the limitations of food-based models, direct human biomonitoring of biological
fluids is proposed as an alternative approach to assess health risk.3®444 However, this approach
currently has several limitations. It requires high-throughout, multi-mycotoxin methods that have
very low limits-of-detection in complex biological matrices such as blood and urine. Secondly,
metabolic pathways have not been investigated thoroughly for all mycotoxins and key metabolites
have not yet been prioritized for inclusion in routine biomonitoring.?*® Consequently, most of the
existing analytical LC-MS methods used for the assessment of human exposure focus only on the
detection of parent compounds. This can lead to a significant underestimation of mycotoxin
exposure. For example, a recent study of DON metabolism in humans confirmed the need for the
inclusion of its metabolites in biomonitoring.>* They showed that approximately 72.6% of total
urinary DON was composed of its glucuronides, 15-Gluc-DON and 3-Gluc-DON and only 27.4%
was present as free DON.> Thus, the measurement of DON only would underestimate DON
exposure by ~4 x. Other studies have also confirmed the importance of 15-Gluc-DON as a
predominant glucuronide.*®?3232 In general, biomonitoring methods should combine parent
compounds and their predominant metabolite(s) in order to properly estimate exposure risk.8

Currently, most of the mycotoxin biomonitoring is performed using urine since it is non-
invasive and accessible in relatively large volume. These methods can be divided into methods
with and without B-glucuronidase treatment. B-glucuronidase catalyzes the hydrolysis of
conjugated mycotoxins, such as sulfate and glucuronide conjugates. Thus, the use of enzymatic
hydrolysis can provide an appropriate alternative to direct metabolite monitoring for at least those
mycotoxins which are predominately metabolized to Phase 1l conjugated forms such as DON.>*#7
To date, such methods cover 7-11 mycotoxins. 3848713 The main disadvantages of B-
glucuronidase treatment are: increases the cost per sample, requires longer processing time of about
16-18 h, and the additional step in sample preparation may give a rise to quantification errors.
Multi-mycotoxin methods without B-glucuronidase treatment have been developed for 8-32
mycotoxins in uring*115117.119137.202 - angd  for 8-27 mycotoxins in blood, serum or
plasma. 136137139233 However, these methods often include no or limited direct monitoring of

mycotoxin metabolites.
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Due to their toxicity, in vivo data on mycotoxin metabolism in humans after exposure is
rare, with few exceptions.> Animal models have been used more frequently, but the inter-species
differences in mycotoxin metabolism should be taken into consideration.*6217418 |n vitro human
liver microsomal incubations have been used extensively in the metabolism studies of mycotoxins,
for example to obtain metabolic profile of T-2 and HT-2 toxins!®2® or to study in detail the
glucuronidation of the ZEN group.t’"#4235 Human liver microsomes contain a variety of enzymes
that are involved in both Phase | and Phase Il toxin metabolism and reaction conditions can be
easily controlled to generate the needed quantity of metabolites. The examples of Phase | reactions
are oxidation, reduction, dehalogenation, or hydrolysis and are catalyzed by several enzymes
including cytochrome P450. Phase Il reactions are conjugation reactions, for example with
glucuronic acid, sulfate, glutathione, and/or amino acids. HRMS provides an excellent analytical
platform for the characterization and investigation of mycotoxin metabolites and putative
biomarkers for further human biomonitoring.!®® The combination of HRMS and metabolic
software can greatly speed up and expand the ability to capture the broad spectrum of mycotoxin
metabolites using both accurate-mass of full-scan MS and/or fragmentation mass spectral data
(MS/MS or MS"). For instance, Yang et al. used HRMS to study T-2 and HT-2 metabolism in
different species and identify main metabolic pathways and novel metabolites. 218 However, such
single-analyte metabolism studies relied on a variety of analytical platforms and methods, thus
hindering the creation of a comprehensive metabolite LC-MS library using a single analytical
method and its further application in human biomonitoring. As such, it is of utmost importance to
include mycotoxin metabolites in ongoing biomonitoring efforts and to use this information to
prioritize the most observed mycotoxin metabolites that may contribute to under-estimation of
exposure. To achieve this goal, the first step is to fully characterize and build a comprehensive LC-
MS library of mycotoxin metabolites using a single well-characterized LC-MS method.

In this work we present in vitro metabolism studies of 17 mycotoxins detected in the
Canadian food supply: AFB1, AFB2, AFG1, AFG2, ZEN, a-ZOL, B-ZOL, ZAN, a-ZAL, B-ZAL,
T-2, HT-2, DON, NIV, 15-AcDON, 3-AcDON and FUS-X in order to characterize Phase | and
glucuronide Phase Il mycotoxin metabolites. Mycotoxin metabolites were generated in vitro using
pooled human liver microsomes to build an extensive in-house library of these species, for which
standard compounds are often not commercially available. The final in-house LC-MS library was

built using a previously published validated method for sensitive quantitation of 17 mycotoxins in
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plasma using LC-HRMS.?* The use of this method allowed excellent chromatographic separation
of many isomers and the optimized highly sensitive HRMS detection allowed detailed

characterization of both known and novel metabolites.

3.2 Materials and methods

3.2.1 Chemicals

Water (H20, LC-MS grade), methanol (MeOH), LC-MS grade), acetonitrile (MeCN, LC-MS
grade), and acetic acid (AA, LC-MS grade) were purchased from Fisher Scientific (Ottawa,
Ontario, Canada). Sodium chloride (NaCl), meets specifications of American Chemical Society
grade (ACS), >99.0%), sodium phosphate dibasic (Na2HPOa4, ACS, >99.0%), potassium phosphate
monobasic (KH2POs, ACS, >99.0%), and magnesium chloride (MgClz,anhydrous, >98%), B-
nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium salt hydrate (NADPH,
>97%), uridine 5'-diphosphoglucuronic acid trisodium salt (UDPGA, 98-100%), alamethicin from
Trichoderma viride (>98%, HPLC grade), and human microsomes from liver (pooled, CMV-
negative, 20 mg/mL) were purchased from Sigma-Aldrich Canada (Oakville, Ontario, Canada).
Potassium chloride (KCI, reagent grade, 99.0%) was purchased from BioShop Canada (Burlington,

Ontario, Canada).

3.2.2 Mycotoxin standards

All mycotoxins were purchased from Sigma-Aldrich Canada, unless otherwise indicated. AFG1,
T-2, HT-2, a-ZAL, B-ZAL were purchased from Toronto Research Chemicals Inc. (Toronto, ON,
Canada). Zearalenone was purchased from Cayman Chemicals (Ann Arbor, MI, USA). Individual
standard stock solutions of all mycotoxins at 1 mg/ml concentration were prepared in methanol and
kept at —80°C.

3.2.3 Experimental design and microsomal incubations

The purpose of this work was to generate Phase | and Phase Il (glucuronidation) metabolites of 17
mycotoxins using a standard in vitro microsomal incubation protocol. Each toxin was incubated
individually with microsomes in the presence of NADPH for Phase | reactions. For Phase Il
glucuronidation reactions, UDPGA, alamethicin and MgCl2 were also added. In all cases, the

following controls were used in order to confirm product formation during enzymatic reaction: (i)
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microsomal incubation without toxin added, (ii) microsomal incubation without co-factors added
(iii), microsomal incubation without NADPH, but containing UDPGA, alamethicin and MgCl,
(iv) incubation with heated microsomes, and (v) standard solution of each toxin dissolved in PBS
buffer. This experimental design is summarized in Figure 3.1.

PBS buffer (pH 7.4, 100 mM), 20 mM NADPH dissolved in 100 mM PBS buffer, 100 mM
UDPGA in water, 5 mg/mL alamethicin in MeOH, 100 mM MgCl. in water and 200 pg/mL
standard solution of each mycotoxin in MeCN were prepared before the start of microsomal
incubations. Microsomes were thawed on ice. In an Eppendorf tube, 182 uL of PBS buffer, 2 puL
of NADPH and 5 pL of microsomes were transferred for Phase | reactions. For phase |1 reactions,
all of the reagents for Phase | reactions plus alamethicin, 10 pL of UDPGA and MgCl. were
transferred. Microsomes were then pre-incubated for 5 min, followed by the addition of mycotoxin
(final concentration of 1 ug/mL) and then the remaining amount of NADPH (10 pL). All samples
were incubated for 1 h at 37°C, reactions were stopped by adding 200 pL of acetonitrile. Detailed

description of test samples and controls is shown in Appendix B, Supplementary Table B1.

3.2.4 LC-HRMS analysis

All LC-MS measurements were performed according to the validated multi-mycotoxin method for
17 parent mycotoxins [29]. Briefly, the method combined HPLC 1100 (Agilent Technologies,
Santa Clara, CA, USA) and reversed-phase chromatographic separation on pentafluorophenyl
stationary phase and gradient elution using water and methanol containing 0.1% AA (v/v) for
ESI(+), and 0.02% for ESI(-)?®. The flow rate of 0.3 mL/min, the column temperature of 30°C,
and 10 pL injection volume were used for all analyses. MS analysis was performed on LTQ
Orbitrap Velos at 60,000 resolving power using the mass range of 200-700 m/z. In addition, MS"
analysis with data-dependent acquisition (DDA) mode was used for the identification and
elucidation of metabolite structures. In DDA mode, the three most intense ions from the full MS
scan were selected for MS? fragmentation. MS? analysis used collision-induced dissociation (CID)
and signal threshold: 5,000; normalized collision energy: 35; isolation width: 2 Da; activation time:
30 ms. MS?® used targeted parent and product mass lists to trigger MS? for the selected ions of
interest. MS® was performed with CID as activation type; minimal signal threshold: 5000; isolation
width: 2 Da; activation time: 30 ms; normalized collision energy: 45. For AFB1 and its metabolites,

MS? analysis used higher energy collisional dissociation (HCD) with signal threshold: 5000;
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normalized collision energy: 35; isolation width: 2 Da; activation time: 0.1 ms, lock mass was used
for ESI(—) and ESI(+).

Data was processed using Compound Discoverer 2.1 (ThermoFisher Scientific). Raw data
files were uploaded to Compound Discoverer and analyzed using generic metabolism workflow.
General settings in the workflow were mass tolerance, 5 ppm; signal threshold, 3; minimum peak
intensity 10000. Parameters used to generate expected compounds were parent toxin structure,

metabolic transformations for Phase | and Il reactions, and preferred ions.

3.3 Results

Human liver microsomes are important and common tool for in vitro investigations of toxin
metabolism because they express a variety of enzymes which are involved in Phase | metabolism
such as microsomal cytochrome P450 (P450) and flavin-containing monooxygenases (FMO).
These enzymes are responsible for the most common Phase | reactions, such as oxidation. Usually,
toxins are converted to more polar compounds due to Phase | reactions. Phase Il metabolism
provides an additional mechanism to clear toxins from the body by adding water-soluble groups,
such as glucuronic, methyl, sulfate and acetyl groups.*>*18 In this work, phase 1l glucuronidation
reaction was chosen as a major human metabolic pathway of toxins in addition to Phase |
metabolism. In total, 17 mycotoxins, such as trichothecene type A (T-2 and HT-2), trichothecene
type B (NIV, FUS-X, DON, 3-AcDON and 15-AcDON), aflatoxins (AFB1, AFB2, AFG1, and
AFG2) and ZEN group (ZEN, a-ZOL, B-ZOL, ZAN, a-ZAL, and B-ZAL) were incubated
individually in the presence of human microsomes and 188 different fungal metabolites were
characterized and detected. The analysis of all microsomal incubation samples was performed with
HRMS (LTQ Orbitrap Velos) coupled with liquid chromatography in order to detect and identify
the mycotoxin metabolites. Structural elucidation of metabolites was performed using data-
dependent MS/MS acquisition and CID fragmentation technique. Metabolite characterization and
data analysis was performed using Compound Discoverer software 2.1, which contains extensive
libraries of common metabolic pathways and mass spectral libraries.

To confirm the enzymatic origin of metabolites, besides test samples for the Phase | and I,
several controls were used as shown in Figure 3.1 and Appendix B, Supplementary Table B1:
standard that contains toxin dissolved in PBS buffer, control without any co-factors, control
without NADPH, but with UDPGA, and controls with previously heated microsomes (45°C) for
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both Phase | and Il samples. The mycotoxin standard control and the controls without cofactors
were used to highlight and eliminate the metabolites that are not enzymatically produced from the
final LC-MS library. Finally, the controls without toxin ensured that any endogenous species
present in microsomes would not be misidentified as mycotoxin metabolites. The controls with
pre-heated microsomes were included in the experiment to test the stability of microsomal
enzymes. In heat-inactivated samples, the metabolic activity was changed, and the generation of
metabolites was reduced during the Phase I metabolic reactions indicating that the responsible
enzymes were sensitive to heat (Figure 3.2a). However, an opposite effect was observed in the
phase Il reactions, whereby an increased rate of glucuronidation was observed in all mycotoxin
samples (Figure 3.2b). The deactivation of Phase | metabolism observed in our study matches the
previously published work about enzyme stability.?®*%7 In contrast, uridine 5’-diphospho-
glucuronosyltransferases (UGTSs), the key enzymes used in our phase Il glucuronidation reactions,
appear to be thermally stable enzymes®?, and the heat-inactivation step was beneficial to
generating additional glucuronide metabolites in sufficient quantities for detailed characterization.

1] | [ 1

Control: Control: Y Control:
Phase 1 heated STD. in PBS o NADPH Control: Phase 11 heated
reaction microsomes buffer no toxin reaction microsomes
No UDPGA
for phase 1 < for phase 11
PBS buffer PBS buffer
NADPH NADPH
One toxin (1 pg/mL) at a time One toxin at a time
Microsomes Microsomes
UDPGA
Alamethicin
MgCl,

Figure 3.1. Scheme of microsomal incubation experiment to generate Phase | and glucuronide
Phase Il metabolites.
3.3.1 Trichothecene type A and B

3.3.1.1 Trichothecene type A

The list of T-2 generated metabolites is shown in Appendix B, Supplementary Table B2. There

were two main pathways for T-2 metabolites, hydrolysis, and oxidation in Phase | (Figure 3.3).
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The chromatographic separation of T-2 and its metabolites is shown in Appendix B, Supplementary
Figures B1 and B2. The identification of metabolites was performed by comparing [M+Na]*
product ion mass spectra of T-2 and its metabolites. The fragmentation pattern of T-2 showed some
characteristic fragments, 387.2 m/z, 327.2 m/z and 267.2 m/z due to the loss of isovaleric acid
(CsH1002, 102.1 Da) at position 8, and acetic acid (CH3COOH) at positions 15 or 4, respectively,
(Appendix B, Supplementary Figure B3d). The extracted ion chromatogram of [M+Na]" ion at
447.1989 m/z revealed two peaks at 7.93 min (447.1988, 0.22 ppm) and 8.22 min (447.1986, 0.67
ppm), indicating the presence of two metabolites that were 42.0 Da less then T-2 (Appendix B,
Supplementary Figures B1 and B4a,b). The peak observed at 8.22 min was identified as HT-2,
since it had the same RT and MS? as the authentic standard of HT2. The second peak could be
putatively identified as 15-deacetyl-T-2 (15-de-Ac-T-2). 15-de-Ac-T-2 had been previously
observed as a metabolite of T-2 in Wistar rats.?*° Based on the structure of T-2, the possible loss
of 42.0 Da can be due to the loss of the second acetyl group at position 15. Also, both metabolites
had identical MS? spectra with the typical losses of isovaleric side chain (102.1 Da) and acetic acid
(60.0 Da) at fragments of 345.2 Da and 285.2 Da, respectively (Appendix B, Supplementary Table
B2 and Figure B4a,b). There was also another ion at 405.1881 (0.74 ppm) m/z corresponding to a
loss of two acetyl groups from T-2, but it was very low intensity ion, so further identification was
not possible (Appendix B, Supplementary Table B2 and Figure B1). The literature reports two
possible compounds with this mass, NEO and T-2 triol 154239

The second pathway observed in Phase | reactions was oxidation of both T-2 and HT-2.
The theoretical masses of [M+Na]" ions of T-2 (505.2044) and HT-2 (463.1939) hydroxyl-
metabolites were 16.0 Da higher than T-2 and HT-2, which confirmed the presence of additional
oxygen in those compounds (Appendix B, Supplementary Table B2). There were three T-2
hydroxy metabolites observed at 6.54 min (505.2042, 0.40 ppm), 6.60 min 505.2041, 0.59 ppm),
and 6.81 min (505.2043, 0.2 ppm), Appendix B, Supplementary Table B2 and Figure B2.
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Figure 3.3. Microsomal biotransformation of T-2 in Phase | and Phase Il reactions.

All three hydroxyl metabolites had similar MS? spectra, Appendix B, Supplementary Table
B2 and Figure B3a-c). The position of hydroxyl group was identified by comparing [M+Na]*
product ion spectra of the hydroxyl-metabolites and T-2. In MS? spectrum of hydroxyl metabolites
there was a fragment with 387.2 m/z that could be generated as the loss of isovaleric acid side chain
plus oxygen atom (CsH1003, 118.1 Da). This fragment showed a 16.0 Da shift that indicated the
position of hydroxyl group on the isovaleric side chain. Therefore, all three hydroxyl metabolites
have OH group on isovaleric side at position 3', 4’ or 2’, (Appendix B, Supplementary Table B2
and Figure B3a—c). Hydroxy metabolites of HT-T-2 also had a 16.0 Da shift. The numbering of
HT-2 metabolites was chosen to match numbering of the peaks described for HT-2 where
incubation and detailed characterization was performed with HT-2. T-2 microsomal incubation
samples had 5 out of 6 metabolites of these hydroxyl metabolites, but their intensity was ~4 x less
than in HT-2 incubations, Appendix B, Supplementary Table B2 and Figure B2. Overall, only 26%
of T-2 metabolized in Phase I reactions, with HT-2 as the predominant metabolite. The metabolism
of T-2 has already been investigated by Yang et al. in farm animals and humans.®? Our data are in
agreement with their results, HT-2 is predominant metabolite of T-2. However, our study also
generated two additional new hydroxyl metabolites of T-2. LC chromatographic separation of
isomers using our pentafluorophenyl stationary phase and/or excellent limits of detection of the
method may have facilitated the detection of these additional metabolites versus previous work.
Furthermore, these newly detected metabolites are consistent with the available sites on T-2 for
hydroxyl modifications.

In phase 11 reaction samples of T-2, there were two glucuronide forms, glucuronide of T-2
and HT-2 (Figure 3.3, Appendix B, Supplementary Table B2, and Figure B5). Different metabolic
activity was observed in the phase 1l sample and heated control, about 79% and 18% of T-2 did

not metabolize, respectively (Figure 3.2b). The most predominant glucuronide form was
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glucuronide of HT-2 (51%) and only 8% T-2 glucuronide was present in the heated control. Their
product ion mass spectra of [M+Na]*, 665.2413 m/z (—0.43 ppm) and 623.2304 m/z (—0.96 ppm)
showed the indicative loss for glucuronides, 176.0 Da and typical fragments, 489.2 m/z and 447.5
m/z of T-2 and HT-2 respectively, confirming the T-2 and HT-2 origin of glucuronides, Appendix
B, Supplementary Table B2 and Figure B6a,b. Further comparison of the product ion spectra of
[M+NH4]" (Appendix B, Supplementary Figure B6c) to literature spectra confirmed this
glucuronide as 3-glucuronide-HT-2 (3-Gluc-HT-2) by the presence of fragment ions of 425.2 and
499.0 and their relative intensities to each other.2>*1%2 Jon with 499.0 m/z should be less intense
than 425.2 m/z according to published data. According to the structure of T-2 and literature data
there was only one possible glucuronide of T-2, 3-glucuronide-T-2 (3-Gluc-T-2).24

The generated metabolites of HT-2 are presented in Appendix B, Supplementary Table B3.
HT-2 is a main metabolite of T-2 and has hydroxyl group at position 4 instead of acetyl group.
Two pathways were observed in Phase I reactions, hydrolysis, and oxidation. The chromatographic
separation of HT-2 and its metabolites is shown in Appendix B, Supplementary Figures B7 and
B8. Two hydrolysis products were observed as shown in Appendix B, Supplementary Table B3
and Figure B7. The extracted ion of [M+Na]* at m/z 363.1413 (0.28 ppm) shows the 84.1 Da mass
difference from HT-2 [M+Na]* ion, which can be attributed to the loss of isovaleric group at
position 8 and the addition of OH group. The first peak at 3.56 min can be putatively identified as
4-deacetyl-neosolaniol (4-de-Ac-NEO) which has OH group instead of isovaleric group. The
product ion spectrum of the first peak has fragments with mass of 345.1 Da and 303.1 Da that
confirm the water loss and further loss of acetic acid which were also found in the product ion
spectra of HT-2, Appendix B, Supplementary Table B3. The [M+Na]* ion at m/z 463.1939 was
16.0 Da higher than HT-2 [M+Na]" ion, m/z 447.1989, and confirmed the hydroxylation pathway,
Appendix B, Supplementary Table B3. The extracted ion chromatogram displayed 6 peaks with
the same m/z 463.1936 (0.65 ppm) at 5.67 min, 5.77 min, 5.95 min, 6.11 min, 6.21 min and 8.23
min, Appendix B, Supplementary Figure B8. The first two peaks at RTs of 5.67 min and 5.77 min
have similar product ion spectra, containing an indicative fragment ion at m/z 345.5 and 345.2,
respectively, Appendix B, Supplementary Table B3 and Figure B9a,b. These ions were generated
as the loss of isovaleric side chain (CsH1002) plus oxygen atom resulting in the neutral loss of 118.1
Da. The presence of these fragments confirmed the position of hydroxyl group at isovaleric side

chain either at position 3’ or 4'. 3’ and 4'-hydroxy-HT-2 metabolites were observed in human and
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animals, respectively, by Yang et al..’®? The third peak at 5.95 min was a very low intensity, and
its product ion spectra were similar to the previous peaks (Appendix B, Supplementary Figure
B9c), assuming that OH is present at isovaleric group at position 2'. For the next three peaks, the
loss of 102.1 Da results in an ion fragment with m/z 361.2 Da, so it indicates that the isovaleric
side chain is not changed, Appendix B, Supplementary Table B3 and Figure B9d—f. Therefore, the
position of OH group can be found at the position 7, 10 or 16 carbon atoms. However, the product
mass spectra are similar, so further identification is not possible. Overall, six hydroxyl metabolites
were also detected by Yang et al., but only four of their metabolites were observed in human liver
microsomes®®®. Additionally, two peaks at RT of 5.44 min and 6.55 min were observed with the
mass of 405.1880 (0.99 ppm) which corresponds to 42.0 Da difference from the parent compound
(HT-2) which could indicate the loss of acyl group at position 15, Appendix B, Supplementary
Table B3. However, their product ion mass spectra showed similar losses to HT-2. Based on the
fragments at 303.2 m/z and 345.2 m/z which were generated as the loss of isovaleric acid (102 Da)
and acetic acid (60 Da) respectively it was concluded that the main structure is not changed, and
from the known metabolites it was not possible to propose putative structures. Overall, our data are
similar to the previous metabolism studies done by Yang et al.'®, confirming hydroxylation as the
major pathway of HT-2.

In phase 11 reaction samples of HT-2, the 3-glucuronide of HT-2 was generated as described

when discussing the observed T-2 metabolites.

3.3.1.2 Trichothecene type B

The common Phase | pathways of type B trichothecenes are de-acetylation for 3/15-AcDON and
FUS-X and de-epoxidation for DON (Figure 3.4) and NIV. Microsomal biotransformation of DON
is summarized in Figure 3.4 as an example representative for this family. Chromatographic
separation and MS? spectra of 3/15-AcDON, FUS-X, DON, NIV and their metabolites are shown
in Appendix B, Supplementary Tables B4-B8 and Figures B10-B21. In Phase I, all metabolites
were generated non-enzymatically—all these metabolites were observed not only in the Phase |
sample, but also in controls without NADPH and in heat-inactivated controls. The examples of
non-enzymatic reactions included the removal of acetyl group in 3-AcDON converting into DON
and DOM-1, 15-AcDON into DON, FUS-X into NIV, DON into DOM-1, and NIV converted into
de-epoxy-nivalenol (DNIV), Appendix B, Supplementary Tables B4-B8. 1% of 15-AcDON and
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50% of 3-AcDON was converted into DON, whereas 54% of FUS-X was converted into NIV. Only
5% of NIV was converted into DNIV and less than 1% of DON to DNIV. Higher deacetylation
rate of 3-AcDON than 15-AcDON had already been demonstrated in literature.?*! In our studies,
these metabolites were clearly of non-enzymatic origin; however, other studies have also shown
that 3-AcDON can be metabolized to DON (78%) during incubation with human feces.?*?

During Phase Il incubations, type B trichothecenes generated 3- and 15-Gluc-DON (1%),
shown in Figure 3.4, Gluc-3-AcDON (11%), and Gluc-15-AcDON (1%) (Appendix B,
Supplementary Table B4-B8 and Figures B10-B15, B17-B21), whereas heated samples generated
3- and 15-Gluc-DON (2%), 41% of Gluc-3-AcDON and 2% of Gluc-15-AcDON. However, to
observe the glucuronidation of NIV (<1%) and FUS-X (<1%), it was necessary to increase the

mycotoxin concentration x10 and incubation time (20 h), and they were only observed in heated

samples (Appendix B, Supplementary Figures B18 and B20). The identifications of glucuronides
were based on the product ion spectra of [M-H] ™ for Gluc-FUS-X (529.1561, 0.32 ppm), Gluc-NIV
(487.1457, 0.23 ppm), 3- and 15-Gluc-DON (471.1508, 0 ppm), and Gluc-3-AcDON (513.1614,
0.19 ppm) and [M+Na]* for Gluc-15-AcDON (537.1575, 0.74 ppm), Appendix B, Supplementary
Tables B4-B8.

Deoxynivalenol

15-Gluc-DON

Figure 3.4. Microsomal biotransformation of DON in Phase | and Il reactions.

It is interesting to note that all glucuronides in ESI(-) generated only [M-H] ™ and not [M+HAc-H]"
as their parent mycotoxins. Some mycotoxins, like DON (2 forms), FUS-X (2 forms), and NIV (3
forms), could have more than one glucuronic form based on their structures. In our experiment, we
possibly observed two glucuronides of DON based on two distinctive product mass spectra, 3 and
15-Gluc-DON. However, the peaks were not fully resolved and MS? spectra could be a mixture of

the two, Appendix B, Supplementary Figures B14 and B17. According to the literature, the first
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peak can be assigned as 3-Gluc-DON and the second as 15-Gluc-DON.%? MS? spectrum of the
first peak has intense fragment of 441.1 m/z that can happen due to the loss of CH20 at position 15
when it is not glucuronidated, Appendix B, Supplementary Figure B17. The partial
chromatographic separation of 3-Gluc-DON and 15-Gluc-DON shows that the predominant form
IS 15-Gluc-DON. FUS-X glucuronide showed only one chromatographic peak as shown in
Appendix B, Supplementary Figure B18. Previously, FUS-X glucuronides were not reported either
in animal or human samples (Appendix B, Supplementary Figure B19). NIV glucuronides showed
two not fully resolved peaks, assuming that there are at least two glucuronic forms present,
Appendix B, Supplementary Figure B20. Only one MS? spectrum was obtained for the second
peak, Appendix B, Supplementary Figure B21b. However, previous studies of NIV metabolism in
rats exhibited only one 3-glucuronide-NIV and DNIV?%, De-epoxidation of DON also was
observed in both human and animals.>*2442% In contrast to rat metabolism studies, NIV incubation
with human feces showed no de-epoxydated metabolites.?*? To the best of our knowledge, NIV
glucuronides have not been previously observed in human samples, possibly due to the low extent
of glucuronidation and/or poor limits of detection for the polar NIV and its metabolites using most
LC-MS methods. The human exposure studies to DON revealed that the predominant species were
15-Gluc-DON (49%), then free DON (27%), and 3-Gluc-DON (14%) in urine and proposed to use
them as biomarkers of DON exposure.>* Despite trichothecene type B mycotoxins, including DON,
being extensively studied, we found new metabolites, showing the importance of these detailed

incubation studies and the need to build more systematic libraries of mycotoxin metabolites.

3.3.2 Aflatoxins

AFB1 microsomal biotransformations included the following three types of reactions: oxidative
(hydroxylation, epoxidation), reductive (keto-reduction), and hydrolytic (hydrolysis) in Phase I, as
summarized in Figure 3.5 and Appendix B, Supplementary Table B9. AFB1 generated various
metabolites, including AFM1 (3%), AFBO (<1%), AFB1-diol (<1%), and minor metabolites,
AFP1 (<1%), ((H2)+(0))-AFB1 (<1%), and AFL (<1%). The chromatographic separation of AFB1
and its metabolites is shown in Appendix B, Supplementary Figure B22. All metabolites were
identified based on their MS1 and comparison of their MS? spectra to the literature data as
described in Appendix B, Supplementary Table B9. Two hydroxy-metabolites at m/z 329.0651
(1.8 ppm) showed shift of 16.0 Da versus [M+H]" ion of AFB1 at 313.0707 (0 ppm), thus
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confirming the presence of additional oxygen in those compounds, Appendix B, Supplementary
Table B9 and Figure B23a,b. The first peak at RT of 5.03 min was identified as AFBO based on
the fact of in-source AFB1-diol formation, Appendix B, Supplementary Figures B22 and B23e.
AFBO was previously described as a non-stable compound that reacts with water to form AFB1-
diol.?*6247 The second peak at RT 6.32 min was identified as hydroxy-metabolite, AFM1. The
identification of this hydroxy metabolite was performed by comparing its product ion mass spectra
(Appendix B, Supplementary Figure B23b) to the published one.?*® The main distinctive fragment
ion of AFML1 is 273.0757 m/z, which can be present only in AFM1 and not in its isomer AFQ1
based on the previously published work by Walton et al..?*® Also, fragment ions of 273.1 Da and
259.0 Da observed in our product ion spectra were chosen as quantifier and qualifier ion for AFM1
in other published papers.??2482%0 Einally, MS? of AFM1 is similar to product mass spectra
obtained by Everley et al..?*® [M+H]" ion at m/z 347.0760 (0.23 ppm) was 34.0 mass units greater
than AFB1, Appendix B, Supplementary Table B9 and Figure B23c,d. This difference indicated
the presence of two hydroxyl groups, whereas the presence of two chromatographic peaks indicates
the presence of two isomers as shown in Appendix B, Supplementary Figure B22. Their MS?
spectra exhibited the intense water loss fragment, 329.0650 (3.3 ppm) and 329.0653 (2.1 ppm) for
the first and the second peaks, which confirms the presence of hydroxyl groups, Appendix B,
Supplementary Figure B23c,d. Additionally, both peaks showed the loss of two water molecules
that yielded fragments, 311.0545 (3.5 ppm) and 311.0549 (2.3 ppm), Appendix B, Supplementary
Figure B23c,d. The first peak can be identified as AFB1-diol with hydroxyl groups at positions 8
and 9. Its product mass spectra fragments, 283.0597 (38%) and 329.0650 (100%), have similar
intensity as shown by Walton et al., namely, 329.1 (100%) and 283.0 (32%).2*° The identification
of O-demethylated products with theoretical mass of [M+H]" ion at 299.0550 m/z resulted in two
chromatographic peaks at 7.05 min (299.0549, 0.33 ppm) and 7.31 min (299.0549, 0.33 ppm),
Appendix B, Supplementary Table B9 and Figure B22. Both peaks had similar product ion mass
spectra, Appendix B, Supplementary Figure B24. Based on the comparison of fragment ions
271.0602 Da and 299.0554 Da (Appendix B, Supplementary Figure B24) observed in their product
ion mass spectra to the literature data, it was possible to determine these peaks as AFP1 and its
isomer.?* Two metabolites of keto-reduction pathway with measured m/z 337.0682 (0 ppm) of
[M+Na]* ion at 8.60 min and 7.66 min were putatively identified as AFL and its isomer,

respectively, since they were found at trace level, Appendix B, Supplementary Table B9 and Figure
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B22. The conversion of AFB1 to AFL was previously confirmed using in vitro studies of placental
human microsomal proteins.?>! One more type of reduction reaction with the further oxidation
resulted in metabolites (+(Hz2)+(0)-AFB1) with m/z 331.0812 (0 ppm) of [M+H]" ion at and RT at
5.45 min, Appendix B, Supplementary Table B9 and Figures B22 and B23f. This metabolite
definitely has AFB1 origin, since its product mass spectrum has the same fragments, 285.0757 m/z
and 313.0705 m/z as AFB1 (Appendix B, Supplementary Figure B23). The loss of H20 (18.0106,
0 ppm) in product ion mass spectra confirmed the OH group in this molecule. Dohnal et al.
reviewed aflatoxin metabolism and concluded that besides the interspecies differences there were
also regional, inter-individual differences.?® The main urinary metabolite of AFB1 was AFM1,
which was observed in Brazilian volunteers.'®® Also, AFM1 was found in Italian adult urine
samples® and Italian children urine and serum samples.’3” However, AFQ1 was found as the most
predominant form of aflatoxins in Chinese urinary and fecal samples.®” Also, previously it was
shown that different enzymes are responsible for the conversion of AFB1 to AFQ1 and
AFM1.253’254

[o]
hydroxylation « Qﬁ epoxtdatlon |
o AFB1 8,9 exo-epoxide
0
\
8 _, O AFBl 8,9 endo-epoxide
Ql v
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Figure 3.5. Microsomal biotransformations of AFB1 in Phase | reactions.

O

The remaining aflatoxins, AFG1, AFB2 and AFG2 were unstable during the experiment and
produced non-enzymatic hydroxyl metabolites. AFG1, AFB2, AFG2 and their metabolites are
summarized in Appendix B, Supplementary Tables B10—B12. The stability of aflatoxins in plasma
at room temperature was evaluated and it was shown that AFG1 and AFG2 were not stable in
plasma for more than 3 h.2** Another stability study demonstrated the dependence of aflatoxin
stability on the temperature and the composition of the solvent.??* One hydroxy metabolite with

enzymatic origin was observed corresponding to the hydroxy-metabolite of AFG1, [M+H]" ion at
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m/z 345.0604 (0.3 ppm), Appendix B, Supplementary Table B11. MS? spectra of AFG1 and its
hydroxyl metabolite are shown in Appendix B, Supplementary Figure B25a,b. This AFG1 hydroxy
metabolite can be putatively identified as aflatoxin GM1 (AFGM1) metabolite?®®; however, this
metabolite, to our knowledge, had not been previously found in human samples. Studies of the
prevalence of different aflatoxins in Egyptian infant blood and urine samples performed by Hatem
et al. did not confirm its presence.?® To our knowledge, there were no in vitro metabolism studies
performed for AFG1 or AFG2. In our experiment, four non-enzymatic hydroxy metabolites of
AFG2 (Appendix B, Supplementary Table B12) were observed with 347.0761 m/z, at least two of
them could be aflatoxin GM2 (AFGM2) and aflatoxin G2A (AFG2A) as mentioned in the previous
review paper.? Product mass spectrum of AFG2 is shown in Appendix B, Supplementary Figure
B26. AFB2 was converted non-enzymatically to three hydroxy metabolites with 331.0813 m/z
(Appendix B, Supplementary Table B10). Product mass spectra of AFB2 and its hydroxyl
metabolites are shown in Appendix B, Supplementary Figure B27a—c. Putatively, they can be
identified as previously mentioned aflatoxin M2 (AFM2), aflatoxin Q2 (AFQ2), and aflatoxin B2A
(AFB2A).%4%7 Roebuck et al. performed in vitro metabolism studies of AFB2 which showed the
presence of trace levels of AFQ2, aflatoxin P2 (AFP2) and either AFM1 or AFM2 in human

samples.?® In Phase 11, no glucuronides for any aflatoxins were generated.

3.3.3 Group of zearalenone

Microsomal biotransformation of ZEN is summarized in Figure 3.6 as an example representative
for this family. The ZEN group, ZEN, a-ZOL, B-ZOL, ZAN, a-ZAL, and B-ZAL, was metabolized
most extensively out of all chosen mycotoxin groups, resulting in total of 133 metabolites (Figure
3.7, Appendix B, Supplementary Tables B13-B18). The most predominant Phase I metabolic
pathway for this class of mycotoxins is oxidation. There were seven types of oxidation reactions,
desaturation with oxidation (-(H4) +(O)), desaturation with oxidation (-(Hz) +(O)), oxidation
(+(0)), reduction with oxidation (+(Hz2)+ (O)), oxidation (+(0Oz)), and desaturation with oxidation
(-(H2) +(O2) and (-(H4) +(02)). Among these oxidation (+(0)) reactions resulted in the formation
of the highest number of metabolites for ZEN, 9 metabolites, a-ZAL (4), B-ZAL (8), a-ZOL (8),
B-ZOL (7), except ZAN for which the reduction with oxidation (+(Hz2)+ (O)) resulted in the highest
number of metabolites (8), as shown in Table 3.1. Also, the total pattern number of oxidized
metabolites of ZEN and its two metabolites, a-ZOL and B-ZOL differed from ZAN and its two
metabolites, a-ZAL and B-ZAL. ZAN metabolized the most extensively and resulted in 22
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metabolites, but ZEN had only 12 metabolites. a-ZOL (15) had more oxidized metabolites than [3-
ZOL (8), but a-ZAL (10) had less than B-ZAL (15). According to the percentage of metabolized
parent toxin in Phase I reactions, ZEN (27%), ZAN (66%), a-ZAL (29%), B-ZAL (23%), a-ZOL
(70%), and B-ZOL (7%), this metabolic pathway is not predominant, except for ZEN and a-ZOL.
Presumably, differences in epimer metabolic pathways can be explained by stereoselective
specificity of cytochrome P450 enzymes which are known to be responsible for the differences in
metabolism of drug and toxin isomers, especially enantiomers.?*® The metabolism of ZEN has
already been investigated by Yang et al.'’”* and they reported a variety of ZEN oxidized
metabolites. Also, ZEN, a-ZAL and ZAN oxidized metabolites were reported in other studies?®%-261,
but there were no metabolism studies performed for a-ZOL, B-ZOL and B-ZAL. Based on the
present results, the glucuronidation pathway is the predominant metabolic pathway for almost all
the group of zearalenones. Based on the literature in vitro and in vivo studies glucuronidation was
a major ZEN metabolic route in rats, humans and pigs.’417%262 In this experiment, the majority of
ZAN (93%), ZEN (99%), B-ZAL(64%), B-ZOL (51%), and a-ZOL (88%) was converted into

glucuronides, except for a-ZAL where conversion was 36% (Figure 3.7).

16-Gluc-ZEN,
;4;3(“;1uc—ZZEli]I\T, Glucuronidation OH O +CH Reduction a-ZOL, B-ZOL, ZAN
xGluc- 3
15 5 A 1 O 3 5
3 6
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14-Gluc-a-ZOL, Glucuronidation/ reduction HO I Ine a8~ Oxidation/ desaturation 13-OH-ZEN-quinone
7-Glue-B-ZOL, .
14-G]11£B-ZOL or 16- Phase II 13-OH-0-ZOL-quinone,
Gluc-ZAN 13-OH-B-ZOL-quinone,
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Gluc-13-OH-ZEN < Glucuronidation/ oxidation Oxidation/ reduction 8-OH-u or B-ZOL, 13-OH-0-ZOL

Figure 3.6. Microsomal biotransformation of ZEN in Phase | and Il reactions.

The identifications of both Phase | and Il reaction products were based on the comparison MS?
spectra to literature data and/or analysis of MS? spectra. Phase Il reactions resulted in various
glucuronide forms of the parent toxin, its metabolites of Phase I reactions, and double glucuronide
forms (denoted as 2 x Gluc). The numbers of observed glucuronide forms for each mycotoxin from
ZEN group are summarized in Table 3.2. Common glucuronide forms of parent toxins were
glucuronides at position C-14 or C-16 for ZEN and ZAN and at additional position C-7 for a-ZOL,
B-ZOL, a-ZAL and B-ZAL. These glucuronides were previously generated by Stevenson et al.?%,

and their studies are in accordance with ours. Among the most predominant glucuronides were
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glucuronides of parent toxins at position C-14, ZEN (86%), ZAN (73%), a-ZOL (72%), p-ZOL
(27%), a-ZAL (23%) and B-ZAL (45%). The sum of parent glucuronides of ZEN group composed
91% for ZEN, 74% for ZAN, 86% for a-ZOL, 49% for B-ZOL, 33% for a-ZAL and 62% B-ZAL
as shown in Figure 3.7. The glucuronides of oxidized metabolites and double glucuronides were
only minor products, 19% for ZAN, 3% for a-ZAL, 2% for B-ZAL, 8% for ZEN, 2% for a-ZOL,

2% for B-ZOL. Yang et al. have already reported ZEN glucuronides of oxidized metabolites and

di-glucuronide forms.?%® Overall, ZAN was the most metabolized toxin in Phase 1l and resulted in

24 glucuronides. B-ZOL and B-ZAL were least metabolized toxins and each generated only seven

glucuronic forms. Comparing Phase Il reaction samples to heated controls, it was noticed that the

glucuronidation process was more efficient in heated samples (45°C) vs. Phase Il reaction samples,
except for ZAN.

Table 3.1. Summary of Phase | oxidation metabolites observed for ZEN group.

Oxidation Reactions and Number of Metabolites, (n)

Desaturation

Mycotoxin | Desaturation, | Desaturation, Oxidation Reduction, Oxidation, atur: Oxidation, %
oxidation, oxidation, +0) oxidation, +02) oxidation, —(H4)
—(H4) +(0) —(H2) +(0) +(H2) +(O) —(H2) +(02) +(02)

ZEN 0 1 9(75%) 2 0 0 0 12
a-ZOL 1 6 8(53%) 0 0 0 0 15
B-ZOL 1 1 7(88%) 0 0 0 0 8

ZAN 0 1 5(23%) 8(36%) 6(27%) 2 0 22
a-ZAL 1 3 4(40%) 0 0 1 1 10
B-ZAL 1 4 8(53%) 0 0 1 1 15

Table 3.2. Number of glucuronides observed in ZEN group.

Mycotoxins Total Number of Glucuronides
ZEN 10
a-ZOL 10
B-ZOL 7
ZAN 24
a-ZAL 10
B-ZAL 7
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Figure 3.7. Summary of Phase | and Phase Il metabolism of ZEN group.
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3.4 Conclusions

In conclusion, the newly generated LC-MS library containing 188 metabolites represents the most
comprehensive resource of human mycotoxin metabolites that can be analyzed using a single LC-
MS method. The in vitro microsomal incubation workflow used in this work was able to
successfully generate metabolites from hydrolysis, oxidation, de-epoxidation, epoxidation,
demethylation, reduction and glucuronidation pathways as summarized in Table 3.3. The excellent
limits-of-detection and isomer separation capability of our LC-MS method allowed us to
characterize for the first time 100 metabolites that had not been previously reported in the
literature, to the best of our knowledge. Among the known Phase | and Phase Il metabolites of 17
mycotoxins that were the focus of this study, only four metabolites—AFQ1, aflatoxin P2 (AFP2),
Gluc-4-HT-2, Gluc-3-4-de-acetyl-neosolaniol—could not be generated using our microsomal
incubation workflow. The remaining 88 known metabolites were successfully generated, thus
showing the power of our workflow and high-confidence identification capability. Table 3.4

summarizes the main subclasses of the newly characterized metabolites in this study.

Table 3.3. Summary of metabolic pathways of 17 mycotoxins.

Mycotoxins | Hydrolysis | Oxidation

De-
Epoxidation

T-2 v v v

HT-2 v

3-AcDON

15-AcDON

NNENENEN

FUS-X

DON v

ANIERNE I NI NE I NN

NIV v

AFB1 v

AFB2

AFG1

AFG2

ZEN

o-ZOL

B-ZOL

ZAN

a-ZAL

NNANENENENENENENENEN

NANENENENEN

B-ZAL
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Table 3.4. Comparison of expected metabolites known in literature and metabolites generated in

this assay.
Mycotoxin Expectgd Missin_g LF:-MS New
Metabolites Metabolites Library Metabolites
Phase |
metabolites: Phase |
HT-2, 15- metabolites:
deacetyl-T-2 HT-2, 15-de- Two isomers of
(15-de-Ac-T-2), Ac-T-2, 3'-OH- 3-OH-T-2 4
T-2 3-OH-T-2, NONE T-2 and its two isomers of 3'-
NEO, isomers, NEO, OH-HT-2
T-2 triol, or T-2 triol, 3'-
3'-OH-HT-2, OH-HT-2,
T-2 triol, Glucuronides:
Glucuronides: Gluc-3-T-2
Gluc-3-T-2
Phase |
Phase | metabolites:
metabolites: 4-de-Ac-NEO
4-de-Ac-NEO, and its isomer,
3'-OH-HT-2, 3'-OH-HT-2,
4'-OH-HT-2 4'-OH-HT-2
7-OH-HT-2 and | Gluc-4-HT-2, and its isomer
HT-2 its isomer, Gluc-3-4-de- 3 OH-T-2 M?;?;g:' EO
10-OH-HT-2, Ac-NEO metabolites at 7
Glucuronides: or 10 or 16-OH-
Gluc-3-HT-2, HT-2
Gluc-4-HT-2, Two unknown
Gluc-3-4-de- metabolites
Ac-NEO Glucuronides:
Gluc-3-HT-2
Phase | Phase |
metabolites: metabolites:
3-AcDON DON NONE DON NONE
Glucuronides: Glucuronides:
Gluc-3-AcDON Gluc-3-AcDON
Phase | Phase |
metabolites: metabolites:
15-AcDON DON = NONE DON = NONE
Glucuronides: Glucuronides:
Gluc-15- Gluc-15-
AcDON AcDON
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Mycotoxin Expected Missing LC-MS New
Metabolites Metabolites Library Metabolites
Phase |
Phase | metabolites:
FUS-X metabolites: NONE NIV Gluc-FUS-X
NIV Glucuronides:
Gluc-FUS-X
Phase | Phase_l .
metabolites: metabolites:
NIV, DOM-1
De-epoxy-DON and itstwo | NIV, isomers of
DON (DOM-1) NONE . '
o isomers, DOM-1
Glucuronides: Glucuronides:
Gluc-15-DON, '
Gluc-3-DON Gluc-15-DON,
Gluc-3-DON
Phase | Phase |
metabolites: metabolites:
De-epoxy-NIV DENIV and its
NIV (DENIV), NONE two isomers Glue-NIV
Glucuronides: Glucuronides:
Gluc-3-NIV Two Gluc-NIVs
Phase |
Phase | metabolites:
Y AFM1, AFBO,
metabolites: AEP1 and its
AFML1, AFQ1, .
isomer, AFL
ArBL O . and its isomer, | ((H2)+(0)-
B Q AFB1-diol and AFB1
Glucuronides: Its isomer,
NO ((H2)+(O)'
AFB1
Glucuronides:
NO
Phase | Phase |
metabolites: metabolites:
AFM2, AFQ2, AFM2, AFQ2
AFB2 AB2A, AFP2 AFP2 and AFB2A NONE
Glucuronides: Glucuronides:
NO NO
Phase | Phase |
metabolites: metabolites:
AFG1 AFGM1 NONE AFGM1 NONE
Glucuronides: Glucuronides:
NO NO
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Mycotoxin Expected Missing LC-MS New
Metabolites Metabolites Library Metabolites
Phase | Phase |
metabolites: metabolites:
AFGM2, AFGM2,
AFG2 AEG2A NONE AFG2A NONE
Glucuronides: Glucuronides:
NO NO
Phase | Phase |
metabolites: metabolites:
(-(H2) +(0))- (-(H2) +(0))-
ZEN, ZEN,
(+(0))-ZEN, (+(0))-ZEN,
(+(H2)+(0))- (+(H2)+(0))-
ZEN ZEN NONE ZEN NONE
Glucuronides: Glucuronides:
Gluc-16-ZEN, Gluc-16-ZEN,
Gluc-14-ZEN, Gluc-14-ZEN,
Gluc-(+0O)- Gluc-(+O)-
ZEN, ZEN,
2XGluc-ZEN 2XGluc-ZEN
Phase |
Phase | metabolites:
metabolites: (-(Ha)+(0))- 0-
(-(Ha)+(0))- a- Z0L
Z0L (-(H2)+(0))- a-
(-(H2)+(0))- a- Z0L Gluc-(+0O)- a-
Z0L (+O)- a-ZOL ZO0L,
a-ZOL (+O)- a-ZOL NONE Glucuronides: (2xGluc)- a-
Glucuronides: Gluc-16- a- Z0L
Gluc-16- a- ZOL, Gluc-14-
ZOL, Gluc-14- a-ZOL,
a-ZOL, Gluc-7- a-ZOL,
Gluc-7- a-ZOL Gluc-(+0)- a-
ZO0L,
2XGluc- a-Z0OL
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Mycotoxin Expected Missing LC-MS New
Metabolites Metabolites Library Metabolites
Phase I
metabolites:
(-(Ha)+(0))- B-
Phase | Z0L (-(Ha)*+(0))- B-
metabolites: (-(H2)+(0))- B- Z0L
NO Z0L (-(H2)+(0))- B-
Glucuronides: (+O)- p-Z0L Z0L
B-ZOL Gluc-16- pB- NONE Glucuronides: (+O)- B-ZOL
ZOL, Gluc-14- Gluc-16- B- Gluc-(+0)- B-
B-ZOL, ZOL, Gluc-14- ZO0L,
Gluc-7- B-ZOL, B-ZOL, (2xGluc)- B-
Gluc-7- B-ZOL, ZOL
Gluc-(+0)- B-
Z0L,
2xGluc- B-ZOL
Phase I
metabolites:
(-(H2) +(O))-
ZAN, (+(0))-
ZAN, (+(H2)+
(0))-ZAN,
(+(02))-ZAN, (- Gluc-(+0)-
(Hz) +(02))- AN,
2 AN (2xGluc)- ZAN,
Phase | Glucuronides: Gluc-
metabolites: Gluc-16- ' (+(H2)+(0))-
NO uc-16- ZAN, ZAN
ZAN _ NONE Gluc-14-ZAN, ’
Glucuronides: Gluc-(+0)- (2xGluc)-(+0O)-
Gluc-16- ZAN, ZAN ZAN,
Gluc-14-ZAN oxGIuC- Z'AN (2xGluc)-
Glue- | (H(H2)+(0))-
ZAN
(+(H2)+(0))-
ZAN,
2xGluc-(+0)-
ZAN,
2XGluc-
(+(H2)+(0))-
ZAN
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Mycotoxin Expected Missing LC-MS New
Metabolites Metabolites Library Metabolites
Phase |
Phase | metabolites:
metabolites: (-(Ha)+(0))- a-
(-(H4)+(0))- a- ZAL
ZAL (-(H2)+(0))- a-
(-(H2)+(0))- a- ZAL
ZAL (+O)- a-ZAL
(+0)- a-ZAL (-(Ha) +(02))-
(~(Ha) +(02))- 0-ZAL G'“‘E(;E)' -
a-ZAL o-ZAL NONE (-(H2)+(02))- a- (2XGIuc)-a-
(-(H2)+(02))- a- ZAL JAL
ZAL Glucuronides:
Glucuronides: Gluc-16- a-
Gluc-16- a- ZAL, Gluc-14-
ZAL, Gluc-14- a-ZAL,
a-ZAL, Gluc-7- a-ZAL,
Gluc-7- a-ZAL, Gluc-(+0)- a-
ZAL
2XGluc-a-ZAL
Phase I
metabolites:
CEPON-P | g+ p-
(HO)-B- | 125
Phase | ZAL (O
metabolites: (+O)- B-ZAL (+0)- B-ZAL
NO (-(H4) +(02))- | ]
Glucuronides: B-ZAL (~(He) +(O2))
B-ZAL ' NONE B-ZAL
Gluc-16-B- (-(H2)+(02))- B- (—(H2)+(O2))-
ZAL, Gluc-14- ZAL B-ZAL
B-ZAL, Gluc-7- Glucuronides: Gluc-(+0)- p-
B-ZAL Gluc-16-B- AL
ZAL, Gluc-14- (2xGIuc,)-B-
B-ZAL, Gluc-7- ZAL
B-ZAL, Gluc-
(+0)- B-ZAL,
2XGluc-B-ZAL

To ensure the high confidence of our library identifications we used three key strategies: (i)
incubation with one mycotoxin at a time to properly assign the origin of metabolites to a given
parent mycotoxin, (ii) extensive controls to eliminate endogenous biomolecules present in

microsomes, impurities in standards and metabolites that could be generated non-enzymatically,
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and (iii) MS/MS comparison to the published literature spectra when available and to the parent
compounds since the generated metabolites share many of the same structural features as the parent
compounds. In the absence of authentic standards for all these metabolites, our identifications are
putative. In the future, this new LC-MS library will be used during biomonitoring studies to
characterize which of these metabolites may be observed in various biological samples in vivo and
to provide semi-quantitative information on their concentrations using parent calibration curves.
This relevant subset of metabolites then can be synthesized for further confirmation of identity and
full quantification. Additionally, the clarification of some metabolite structures that remain
ambiguous in our library (e.g., exact position of hydroxyl groups in several ZEN metabolites) can
be improved in future work by the application of isotopically labeled standards, as was previously
demonstrated in the literature?6>2%4 or through synthesis of authentic standards.
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4. Development and validation of polarity-switching liquid
chromatography high-resolution mass spectrometry method for

ochratoxins, fumonisins and enniatins in human plasma

4.1 Introduction

Filamentous fungi, from genera such as Fusarium, Aspergillus, and Penicillium can produce toxic
secondary metabolites, called mycotoxins.®®?%° Mycotoxin toxicity poses an important human
health issue, as mycotoxins may contribute to the development of a number of diseases, such as
kidney diseases, oesophageal and liver cancer and immunosuppression.?”-266-268 |n addition, human
health risk can be augmented by combined exposure to multiple mycotoxins at the same time, if a
given combination of mycotoxins leads to additive or synergetic effects.?326%-271
Filamentous fungi are important pathogen of the crop plants, and can grow at pre- and post- harvest
or storage period.??2 Thus, up to 60-80% of crops worldwide are estimated to be contaminated
with detectable levels of mycotoxins.* Emerging mycotoxins have recently been detected in food
and feed samples.}”2”® In addition, climate change can increase the rate of fungi ingress, in turn
enhancing the mycotoxin levels in various foods. 727

There are three routes of exposure to mycotoxins: ingestion, dermal contact or inhalation®,
and the intake of contaminated food is considered to be the main route of exposure.?” To minimize
mycotoxin exposure, current regulations for mycotoxins establish maximum levels of some
mycotoxins in various foods and feed. These are regulatory limits established on models based on
the estimation of daily food intake. However, this may generate inaccurate health risk evaluation
or prediction. Different types of diet (plant-based-diet or meat-based-diet) and food preferences
can lead to various consumption of food types, deviating from population-based models built for
risk assessment and resulting in different amount of ingested mycotoxins.?”® In addition, factors
such as age, gender, and individual metabolism can impact the fate and half-lives of mycotoxins
once ingested. Human biomonitoring can more accurately estimate an individual’s exposure than
the approaches based on the daily food intake. In fact, several biomonitoring studies of mycotoxins
in urine demonstrated that the established maximum levels of mycotoxins were exceeded. For
example, the most frequently detected mycotoxin, DON, exceeded tolerable daily intakes in urine

in 33% of samples from Austria, 8.1% of samples from Spain, in 6% of samples from Germany,
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40% of samples from Italy, 16 to 69% of samples from Belgium, and 1.3% of samples from
Sweden.#-47123232 For OTA, 94% of tested urine samples from Italy and 1% of samples from
Belgium exceeded tolerable daily intakes levels.*>* Methods covering one or few analytes in
human blood have been reported for OTA®, emerging mycotoxins!?, and CIT.**! Thus, the
development of highly sensitive and low-cost biomonitoring approaches for large-scale population
screening is important to complement regulatory efforts to ensure safety of food and feed. In
addition, human biomonitoring is appropriate for the measurement of any type of exposure routes.

Human biomonitoring can be performed using urine, blood-derived products, milk, feces,
and hair. Currently, mycotoxin exposure is evaluated predominantly using urine because it requires
non-invasive sampling and can be easily collected in a large amount. Urine reflects dietary
exposure to mycotoxins with fast urinary clearance. LC-MS methods for one mycotoxin or single
mycotoxin class are widely employed. Several immunoaffinity methods covering 4 to 9
mycotoxins were developed and applied for the evaluation of mycotoxin exposure in
urine.*5%84276 Generic sample preparation, dilute-and-shoot and filtration, has been successfully
used to increase mycotoxin coverage to 15 and 32 mycotoxins, respectively'®2% However, these
generic sample preparation methods with poor sample clean-up typically result in unacceptable
matrix effects impacting the reliability of the measurement.*41° Sample preparation methods that
provide improved sample clean-up in turn compromise mycotoxin coverage. For example, LLE
methods in combination with LC-MS were developed for 12 mycotoxins!*, or LLE followed by
SAX SPE for 18 mycotoxins.!t’ Enzymatic hydrolysis with B-glucuronidase is also often used
before urine sample preparation to release conjugated metabolites of mycotoxins, thus measuring
the total concentration of a given mycotoxin and its conjugates.*>°%276277 Enzyme hydrolysis is
necessary for the improved detection of mycotoxins which extensively excreted via urine in the
conjugated forms. OTA and its metabolite, OTa require B-glucuronidase treatment as it was
reported by Solfrizzo et al., Klapec et al., Mufioz et al..3®%%18% Direct measurements of conjugated
and other mycotoxin metabolites is not often preferred in multi-mycotoxin LC-MS methods due
to the lack of commercial standards and their different physicochemical properties.>4175278

The exposure to multiple mycotoxins at the same time has been documented and requires
appropriate LC-MS methods enabling determination of multiple mycotoxins in a single analytical
run'®>, However, common toxicologically important mycotoxins belong to different mycotoxin

classes with diverse chemical properties which hinder the development of a single LC-MS method.
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For example, methods for the determination of OTA and/or its hydroxyl metabolite was
developed in human blood-derived samples.!3413>137 There are single-analyte methods for analysis
of CIT and/or its hydroxyl metabolite?3®4! and group of emerging mycotoxins'?t. Fumonisin-class
and FB1-specific methods were developed and validated for chicken plasma and pig plasma.?’®
Overall, the usage of class-specific or one mycotoxin methods may be too expensive and time-
consuming to implement for biomonitoring especially when multiple mycotoxin classes are of
interest.

In addition, all multi-mycotoxin LC-MS methods must balance maximum mycotoxin
coverage, matrix effect and sensitivity. Achieving LLOQs at pg/ml level is one of the critical
requirement, since mycotoxins are routinely present at sub ng/ml levels in biofluids.228 However,
many existing methods do not achieve such LLOQs, for example, LC-MS method was developed
and validated for the determination of 24 mycotoxins, including emerging mycotoxins, OTA,
aflatoxins, trichothecenes in chicken and pig plasma which resulted in 1-2 ng/ml LLOQ of pig
plasma and 1-5 ng/ml LLOQ for chicken plasma only, and fumonisins were not included because
of low recovery.?’

Three multi-mycotoxin methods were developed for human blood-derived samples using
universal sample preparation techniques, protein precipitation and DBS/DSS.54136:1%° They mostly
focused on achieving the widest mycotoxin coverage, 11, 27 and 28 mycotoxins, respectively.
However, three methods suffer from unacceptable matrix effects, 28%-125%, 13%-939%, 60%-
140%, respectively.541%6:13% The presence of significant ionization suppression impacts achievable
LLOQ and makes obtaining sub ng/mL LLOQ difficult or impossible to achieve. For example, 27-
mycotoxin method developed for blood and serum had wide ranges of LLOQs, 0.005-5 ng/ml and
0.05-5 ng/ml in blood and serum, respectively.®® Significant matrix effects can also affect the
accurate quantitation when isotopically labeled standards are not available for all mycotoxins and
lead to underestimation/overestimation of exposure. Isotopically-labelled standards are not always
available and are expensive, thus increasing the cost of analysis drastically for multi-mycotoxin
biomonitoring methods. Commonly, LC-MS methods designed for mycotoxin exposure studies
use few or no isotopically labeled standards.54136:137.139

Therefore, the goal of this study is to develop a multi-class LC-MS method with negligible
absolute matrix effects for all mycotoxins and sub ng/mL LLOQ levels in human plasma to

complement our existing 17-mycotoxin fully validated method.?? This new method includes the
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fumonisins (FB1 and FB2), ochratoxins (OTA, CIT and OTa) and emerging mycotoxins of interest
(ENNA, ENNA1, ENNB, ENNB1 and BEA) which could not be accurately measured by the first
method due to irreproducible retention, poor recovery and solubility issues, respectively. There is

no method that could cover this set of mycotoxins reported in literature today.

4.2 Materials and methods

4.2.1 Chemicals

LC-MS grade water, methanol, acetonitrile and 2-propanol, HPLC grade methyl tert-butyl ether
(MTBE), acetic acid (AA, Optima® LC/MS) and formic acid (FA, Optima® LC/MS) were
purchased from Fisher Scientific (Ottawa, Ontario, Canada). Pooled human plasma with sodium
citrate as anti-coagulant was purchased from Bioreclamation Inc. (Baltimore, MD, USA).
Ammonium formate (for mass spectrometry) and ammonium acetate (for mass spectrometry) were

purchased from Sigma-Aldrich Canada (Oakville, Ontario, Canada).

4.2.2 Mycotoxin standards

Ochratoxin A-ds (OTAds) was purchased from Toronto Research Chemicals Inc. (Toronto, ON,
Canada). FB1, FB2 and BEA were purchased from Cayman Chemicals (Ann Arbor, MI, USA).
Fumonisin B3 (50 ug/ml in 50% acetonitrile) and OTa (10 pug/ml in 50% acetonitrile) were
purchased from Romer Labs (Union, MO, USA). CIT, OTA, ENNA, ENNA1, ENNB, ENNB1
were purchased from Sigma-Aldrich Canada (Oakville, Ontario, Canada). A combined 10 pg/ml
working solution of all mycotoxin standards except for OTa was prepared in methanol and stored
in aliquots at —80°C. A combined 1 pg/ml internal standard solution of OTAds and FB3 was
prepared in methanol and stored in aliquots at —80°C. 10 ng/ml of OTAds and FB3 was added
immediately prior to LC-MS analysis during the investigation of sample preparation techniques.
In all validation experiments, internal standards (10 ng/ml) were added pre-extraction to thawed
plasma before protein precipitation in order to monitor injection volume, signal stability, recovery

and ionization matrix effects.
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4.2.3 Sample preparation method development

4.2.3.1 Effect of solvent composition on recovery and reconstitution

4.2.3.1.1 Protein precipitation with methanol and reconstitution in methanol

To 100 ul of plasma, 300 ul of cold methanol was added and mixed on vortex (Fisher Scientific
Vortex Mixer) for 20 min. Samples were then centrifuged at 25830xg, (Thermo Fisher Scientific,
Sorvall ST 16R centrifuge) for 10 min at 4°C. The 300 ul of supernatant was aspirated into a new
polypropylene extraction tube, evaporated to dryness using Speedvac (Labconco CentriVap
7812013) and reconstituted into 200 pul of 40% methanol containing 10 ng/mL OTAds and FB3
internal standards by mixing on vortex for 20 min. The samples were then centrifuged at 25830x%g,
(Thermo Fisher Scientific, Sorvall ST 16R centrifuge) for 10 min at 4°C. This solution was

transferred into polypropylene HPLC inserts for analysis.

4.2.3.1.2 Protein precipitation with methanol and reconstitution in acetonitrile

The same procedure as described in Section 4.2.3.1.1 was followed but the samples were

reconstituted into 200 ul of 40% acetonitrile containing 10 ng/mL OTAds and FB3.

4.2.3.1.3 Protein precipitation with acetonitrile and reconstitution in acetonitrile

To 100 pl of plasma, 300 ul of cold acetonitrile was added and mixed on vortex for 20 min.
Samples were then centrifuged at 25830xg for 10 min at 4°C. The 300 ul of supernatant was
aspirated into a new polypropylene extraction tube, evaporated to dryness using Speedvac
(Labconco CentriVap 7812013) and reconstituted into 200 ul of 40% acetonitrile containing
OTAds and FB3 internal standards by mixing on vortex for 20 min. Samples were centrifuged at
25830xg for 10 min at 4°C, and the resulting supernatant was transferred into polypropylene
HPLC inserts for analysis.

4.2.3.1.4 Protein precipitation with acetonitrile and reconstitution in methanol

The same procedure for protein precipitation as described in the section 4.2.3.1.3 was used but the
sample were reconstituted using 200 ul of 40% methanol containing 10 ng/mL OTAds and FB3

internal standards.
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4.2.3.1.5 Comparison of four protein precipitation protocols and selection of optimal solvent

The objective of this experiment was to find an appropriate solvent for protein precipitation and
reconstitution. Plasma samples, confirmed not to contain any detectable levels of mycotoxins, were
spiked with 100 ng/ml of OTa, CIT, OTA, FB1, FB2 and BEA, incubated for 30 min and extracted
according to the procedures described in the sections 4.2.3.1.1- 4.2.3.1.4 (n=13 replicates). The
amount of analyte in each sample was determined using calibration curves prepared in the
appropriate reconstitution solvents (40% methanol or 40% acetonitrile). Process efficiency was
calculated according to the formula PE% = Cm/Cin*100%, where PE% is the process efficiency,
Cm is the measured concentration in the extracted samples and Ct is theoretical concentration.
This determination includes the effects of both extraction recovery and matrix effects due to

ionization suppression/enhancement.

4.2.3.2 Comparison of protein precipitation and combined protein precipitation - LLE

methods

4.2.3.2.1 Protein precipitation with methanol without evaporation/reconstitution step

To 100 pl of plasma, 300 ul of cold methanol was added and mixed on vortex for 20 min. Samples
were then centrifuged at 25830xg for 10 min at 4°C. The 100 ul of supernatant was aspirated into
a new polypropylene extraction tube, and then, 25 ul of water containing OTAds and FB3 was

added to supernatant. This solution was transferred into polypropylene HPLC inserts for analysis.

4.2.3.2.2 Combined MTBE LLE- protein precipitation with methanol

To 200 pl of plasma, 600 ul of MTBE was added and mixed on vortex for 20 min. Samples were
then centrifuged at 25830xg for 10 min at 4°C. The 100 pl of aqueous phase was aspirated into a
new polypropylene extraction tube to which 300 pl of methanol was then added to perform protein
precipitation according to the procedure in Section 4.2.3.2.1.

4.2.3.2.3 Combined hexane-LLE - protein precipitation with methanol
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To 200 pul of plasma, 600 pul of hexane was added and mixed on vortex for 20 min. Samples were
then centrifuged at 25830xg for 10 min at 4°C. The 100 ul of aqueous phase was aspirated into a
new polypropylene extraction tube to which 300 pl of methanol was then added to perform protein

precipitation according to the procedure in Section 4.2.3.2.1.

4.2.3.2.4 Evaluation of recovery using sample preparation protocols described in Sections
4.2.3.2.1-42.3.2.3

The goal of this experiment was to evaluate the effect of additional clean-up of plasma samples,
preferably to remove lipids while keeping high recovery of mycotoxins. Plasma containing no
detectable levels of mycotoxins of interest, was spiked with 100 ng/ml of mycotoxins (OTa, CIT,
OTA, FB1, FB2, ENNA, ENNA1, ENNB, ENNB1 and BEA) pre-extraction, incubated for 30 min
and then processed according to the procedures described in Sections 4.2.3.2.1-4.2.3.2.3 (n=3
replicates). The recovery of analytes in each sample was determined using post-spiked reference
samples. To prepare these samples, plasma was processed with respective sample preparation
procedures outlined in Sections 4.2.3.2.1-4.2.3.2.3 and then spiked with 20 ng/ml immediately
prior to LC-MS analysis. This spiked concentration corresponds to the mycotoxin concentration
at the time of injection, assuming quantitative recovery at all steps and taking into account all
volume corrections throughout the procedures. Recovery was calculated according to the formula
RE% = Apre-spiked/ Apost-spiked*100%, where RE% is the recovery, Apre-spiked IS the measured area in
pre-spiked samples in the injection solvent and Apost-spiked 1S the measured area in post-spiked

samples in the injection solvent. This determination is equivalent to extraction recovery.?!

4.2.4 Final protein precipitation with subsequent acidification used for the

method validation

To 100 pl of plasma, 300 pl of methanol was added and mixed on vortex for 3 min. Samples are
kept at —80°C for 20 min. Samples were then centrifuged at 25830%g for 20 min at 4°C. The 200 pl
of supernatant was aspirated into a new polypropylene extraction tube, to which 50 ul of 1% FA
(v/v) was added, mixed for 1 min, and then centrifuged at 25830%g for 10 min at 4°C. This solution

was transferred into polypropylene HPLC inserts for analysis.
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4.2.5 Evaluation of recovery and matrix effects using final protein precipitation
with subsequent acidification

Recovery and matrix effects were evaluated using final protein precipitation with subsequent
acidification described in Section 4.2.4 using 10 individual lots of plasma. The evaluation of
recovery and matrix effects was performed according to Matuszewski et al..?®! Three sets of
samples were prepared. First set, pre-spiked samples, used plasma samples from 10 different
individuals (five females and five males) which were spiked with mycotoxin mixture (7 ng/ml)
and internal standards (OTAds and FB3, concentration 10 ng/ml) and then extracted using final
protein precipitation with subsequent acidification (Section 4.2.4). The second set, post-spiked
samples, used the same lots of individual plasma which was extracted first and then spiked with
mycotoxin mixture (1.4 ng/ml) and internal standards (OTAds and FB3, concentration 10 ng/ml)
before transferring to LC-MS inserts. The third set was the 1.4 ng/ml mycotoxin standard prepared
in injection solvent 60% containing 1% FA and 10 ng/m OTAds and FB3. Finally, the recovery
was evaluated as described in Section 4.2.3.2.4 Matrix effect was evaluated by formula signal
intensity% = Apost-spikedAstd. *100%, where Apost-spiked IS the measured peak area of a given
mycotoxin in post-extracted spiked plasma, and Asw. is the measured peak area of the same

mycotoxin in standard solution prepared at the same concentration the injection solvent.

4.2.6 LC-HRMS analysis

4.2.6.1 LC-MS development

Initial method development experiments compared the performance of several columns, including
core-shell Kinetex Cis (2.6 um, 100 A, 50 x 2.1 mm, Phenomenex, Torrance, California, USA) and
Biphenyl column (1.7 pm, 100 A, 100 mm x 2.1 mm, Phenomenex), ZORBAX Eclipse Plus Cis
(1.8 um, 100 A, 100 x2.1 mm, Agilent Technologies, Santa Clara, CA, USA) and Waters
CORTECS T3 column (120A, 1.6 um, 2.1 mm x 100 mm, Waters, Milford, MA, USA) in
combination with various water/methanol mobile phase gradients in order to separate all
mycotoxins of interest and allow polarity switching for different time segments of LC run. The
critical separation pairs were between OTA and FB2 and/or FB3, and CIT and FB1. Waters
CORTECS T3 column provided good separation and peak shape of all mycotoxins of interest, so

it was selected for all further experiments.
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Next, the effect of mobile phase additives on mycotoxin signal intensities was investigated
using methanol gradient containing different additives (2 mM ammonium acetate, 2 mM
ammonium formate, 0.05% FA (v/v) and 0.05% AA (v/v)). The effect of these additives on
ionization in ESI(+) and ESI(—) was determined by comparing signal intensities obtained for high
concentration mycotoxin standard in order to find best additive for this application. Finally,
water/methanol mobile phase gradient was replaced with water/methanol/isopropanol gradient to
ensure effective elution of lipids. This choice forced the re-evaluation of mobile phase additives,
(FA vs. AA). The effect of concentration of mobile phase additives (0.02% vs. 0.05% v/v) was
also evaluated. The final optimized conditions for LC-MS method are given in detail in Section
4.2.6.3.

4.2.6.2 Evaluation of injection solvent compaosition

Several experiments were performed to find an appropriate injection solvent for the selected
mycotoxins. The composition of injection solvent (40%, 60% and 80% methanol) and type of
injection inserts (polypropylene plastic versus glass inserts) were evaluated systematically in order
to ensure good solubility for all mycotoxins, adequate LC peak shape and prevent non-specific
adsorption losses.

All samples were prepared from one stock solution (10 pg/ml mycotoxin mixture dissolved
in methanol), from which two 100 ng/ml standards in 40% methanol and 60% methanol,
respectively were prepared. Then, 100 ng/ml mixtures in 40% methanol or 60% methanol were
diluted to 20 ng/ml with the same solvent. After dilution, 100 pl of 20 ng/ml in 40% methanol was
transferred to LC-MS vial with plastic insert (control_40) or to LC-MS vial with glass insert
(condition#1_40). For condition2_40, adsorption experiment was added, whereby 100 ul of 20
ng/ml mycotoxin standard in 40% methanol was kept in an Eppendorf tube for 20 min then
transferred to another Eppendorf tube for 20 min and procedure was repeated for total of 5 times
before it was transferred to LC-MS vial with glass insert. After dilution, 100 pl of 20 ng/mi
standard in 60% methanol was transferred to LC-MS vial with plastic insert (condition3_40). The
scheme of the experiment is shown in Figure 4.1a (Experiment #1). Based on the results of this

experiment, Experiment #2 was also performed as shown in Figure 4.1b.
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a) 100 ng/ml mycotoxin mixture, MeOH 100 ng/ml mycotoxin
mixture, 40% MeOH mixture, 60 %MeOH
20 ng/ml mycotoxin 20 ng/ml mycotoxin
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Figure 4.1. The scheme of experiment #1 (a) and experiment #2 (b) for the evaluation of the

mycotoxin solubility and adsorption.

All samples were prepared from one stock solution (10 pg/ml mycotoxin mixture dissolved
in methanol) from which two 100 ng/ml standards in 60% and 80% methanol were diluted to 20

ng/ml with the same solvent. After dilution, 100 pl of 20 ng/ml in 60% methanol was transferred
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to LC-MS vial with plastic insert (control_60) or to LC-MS vial with glass insert (condition1_60).
For condition2_60, the adsorption experiment was performed first, 100 pl of 20 ng/ml in 60%
methanol was kept in an Eppendorf tube for 20 min then transferred to another Eppendorf tube
and procedure was repeated for 5 times before it was transferred to LC-MS vial with glass insert.
100 pl of 20 ng/ml in 80% methanol LC-MS vial with glass insert (condition3_60). The scheme
of the experiment is shown in Figure 4.1b (Experiment #2). Injection solvent composition of 60%
methanol was selected as satisfactory choice for all mycotoxins. Furthermore, 1% FA (v/v) was
added to injection solvent in order to prevent signal intensity drift of fumonisins across long

analytical run.

4.2.6.3 Final LC—MS method

Chromatographic separation was performed using UHPLC 1290 (Agilent Technologies) with
Waters CORTECS T3 Column (120A, 1.6 pm, 2.1 mm x 100 mm), guard column (CORTECS T3
VanGuard Pre-column, 120A, 1.6 pm, 2.1 mm x 5 mm) and column in-line filter (0.2 pm,
ACQUITY UPLC™ BEH, Waters). The flow rate of 0.3 ml/min and the column temperature of
40°C were used for all analyses. The mobile phases A, water/methanol (60%/40%, v/v) and B,
isopropanol/methanol (90%/10% v/v), containing 0.02% (v/v) AA were used for the final method.
The following step gradient was used: increase from 0% to 5% B for the first 1.0 min, increase
from 5% B to 13% B from 1.0 min to 2.0 min, increase from 13% B to 19% B for the next two
minutes, keep isocratic at 19% B from 4.0 min to 6.0 min, from 6.1 min to 13 min increase from
30% to 60% B, from 13.1 to 18 min keep isocratic at 90% B, and finally re-equilibrate the column
at 0% B for 6 min. Injection volume was 10 pl.

High-resolution MS analysis was performed using Agilent QTOF 6545 (Agilent
Technologies, Santa Clara, CA, USA). The following MS parameters were used: acquisition rate
2 spectra/s, gas temperature 195°C, drying gas 13 L/min, nebulizer 30 psi, sheath gas temperature
325°C, sheath gas flow 12 L/min, capillary voltage 3500 V and mass range 100 to 1000 m/z.
Nozzle voltage 2000 V in ESI(-) and nozzle voltage 1250 V in ESI(+) were used in the method.
LC-MS method was divided into five-time segments with ESI mode and fragmentor voltages
specified in Table 4.1. For internal calibration, ESI(-) and ESI(+) used the following calibrant
masses: 119.03632 m/z (purine), 980.016375 m/z (HP-0921, acetic adduct) and 121.050873
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(purine), 922.009798 (HP-0921), respectively. Data acquisition was controlled by Mass Hunter
software version 10.00.

Table 4.1. MS settings, time segments, ionization mode and fragmentor voltage.

Time segment, min lonization mode Fragmentor voltage, V
0 ESI(-) 160
3.2 ESI(-) 235
4.2 ESI(+) 245
5.7 ESI(-) 200
6.8 ESI(-) 245

4.2.6.4 Data analysis

Data analysis was performed using Agilent Mass Hunter software (TOF Qualitative Analysis 10.0
and TOF Quantitative Analysis 10.0). Mycotoxins were quantitated using the most intense ions
which were extracted with 10 ppm window. For fumonisins, the most abundant protonated ions
[M + H]" were used. For enniatins and BEA, the most abundant sodium adduct [M+Na]" in ESI(+)
was used. For OTa, CIT and OTA, the most abundant deprotonated ion [M-H] in ESI(-) was used
for quantitation.

4.2.6.5 Calibration curve during method development

For the quantification of mycotoxins in plasma, matrix-matched calibrations were prepared in the
range of 0.039 ng/ml to 20 ng/ml during method development. Pooled plasma containing no
detectable levels of mycotoxins of interest was spiked with combined mycotoxin standard to yield
20 ng/ml concentration of each mycotoxin. Nine more concentration levels were generated using
two-fold serial dilution with plasma. All spiked calibration samples were incubated on ice for 30
min prior to extraction using procedure described in Section 4.2.3.2.1. All calibration curves were

built using 1/x weighted linear regression.

4.2.6.6 Matrix-matched calibration curves and estimation of LLOQ using intra-day

accuracy and precision validation experiment

Matrix-matched calibration curves were prepared for the quantification of mycotoxins in plasma

during validation experiments, as described in Section 4.2.6.5. The final extraction procedure
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described in Section 4.2.4 was used. Three intra-day experiments were performed. The first
experiment used matrix-matched calibration curves, ranging from 0.075 ng/ml to 19.2 ng/ml for
OTA, ENNB, ENNB1, from 0.1 ng/ml to 25.6 ng/ml for CIT, from 0.25 ng/ml to 32 ng/ml for
ENNA, ENNAL1, BEA, FBI1, FB2 and OTa, as shown in Supplementary Table C3. Matrix-matched
calibration curves for the second and third intra-day experiments ranging from 0.08 ng/ml to 20.00
ng/ml and from 0.16 ng/ml to 20 ng/ml, respectively, as shown in Supplementary Table C4.
Plasma was spiked with combined mycotoxin standard to yield 19.2 ng/ml for OTA,
ENNB, ENNBI, 25.6 ng/ml for CIT 32.0 ng/ml for ENNA, ENNA1, BEA, FBI, FB2 and OTa
ng/ml concentrations for the first experiment. For the second and third experiments, plasma was
spiked with combined mycotoxin standard to yield 20 ng/ml concentration for each mycotoxin.
Then, two-fold serial dilution with blank plasma was used to prepare 8, 9 and 7 additional standard
concentration levels for the first, second, third experiments, respectively, followed by mixing and
incubation for 30 min at on ice. For the first and the second intra-day experiment, validation
samples (n=6) were prepared as discussed in Section 4.3.3 and Tables 4.4 and 4.5. For the third
intra-day experiment, validation samples (n= 6 replicates per concentration level) were prepared
by spiking plasma at eight concentration levels, 0.2, 0.3, 0.45, 0.625, 1.25, 4, 8 and 16 ng/ml for
all mycotoxins. All validation samples were extracted using procedure in Section 4.2.4. samples.

All validation and calibration samples were analyzed using developed LC—MS method.

4.3 Results and discussion

4.3.1 Development of a sensitive LC-HRMS method

The objective of this study was to develop a highly sensitive LC-MS method for 10 mycotoxins
covering ochratoxins, fumonisins and enniatin mycotoxin classes. The method should enable
accurate quantitation of 10 mycotoxins at sub ng/ml levels in plasma samples, while minimizing
matrix effects to allow the use of one or few isotopically-labelled internal standards. To develop
this method, the optimization of sample preparation, LC separation and MS parameters were all
investigated in detail. In addition, the influence of injection solvent composition on analyte

solubility and method robustness was investigated.
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4.3.1.1 Development of LC separation

LC-MS method development focused on achieving adequate mycotoxin separation to allow
polarity switching in different time segments of LC method and on achieving good peak shape for
all mycotoxins which included both polar and highly hydrophobic species. Different stationary
phases, such as biphenyl and Cis were investigated. The best separation was achieved with Waters
CORTECS T3 column Cig column (1.6 um, 120A, 2.1 mm x 100 mm). This separation allowed
switching of ESI polarity to ESI(-) mode for the time segments where OTa, CIT and OTA eluted,
without adversely impacting the detection of the remaining mycotoxins using ESI(+). The
separation of all 10 mycotoxins obtained with water/methanol mobile phase is shown in Appendix
C, Supplementary Figure C1.

When this LC-MS method was used in combination with protein precipitation, lipid build-
up was observed on the column (Appendix C, Supplementary Figure C2). The results showed that
hydrophobic matrix components, such as lipids were not completely washed away before next
injection. To address this issue isopropanol was added to mobile phase to help remove any
triglyceride build-up from the column. After switch to isopropanol, gradient was also modified
accordingly to keep the separation of mycotoxins as required for time-segmented polarity
switching. The final LC separation requires 24 min/injection and is shown in Figure 4.2. Similarly,
to the first developed method, this method also can be expanded to add the relevant metabolites of
the mycotoxins of interest. It is the most likely that the method will work well for emerging
mycotoxin metabolites, which should all elute in the last time segment. The CIT hydroxyl
metabolite also can be added to the method, whish should ionize similar to CIT in ESI(-) and be
detected in the first time segment. However, the time-segmented polarity switching can be a
limiting factor for the addition of fumonisin metabolites, since they will be more polar than the
parent toxins. They can elute in the time segment where ESI(-) is used which is not the preferred
mode of fumonisin ionization. Similar to fumonisin metabolites, the OTA hydroxyl metabolite can
also elute in the time segment with ESI(+) instead of ESI(-). In addition, the capability of this
method to separate metabolite isomers would have to be evaluated.

In published papers for plasma multi-class mycotoxin methods Cis is one of the often used
columns that can provide suitable separation of hydrophobic structurally different

Compounds 64,134,137,139,140

106



CIT (

‘ ENNA
N ENNBI '
ENNAL
wgi | EEf\ ‘
OTa

. | HTA |

t-;— | N

| FBL Hlotaps |

I - FB2 ‘ |

| FB3 I |

e

|

I
Y L ST e IR ! o R N——" LAl !\.._.,,_‘,.‘A_x_ - P .
s 1 15 2 25 3 |35 4 |45 5 55 |6 65 75 5 85 & 95 10 105 11 15 12 125 13 135 14 145 15 155 16 185 17 175
Caunts vs. Acquisition Time (min)

ESI(-) ()] () (6 (+)

Figure 4.2. Chromatographic separation of all mycotoxins obtained using optimized Cortecs T3
Cis LC method and methanol/water/isopropanol/0.02% AA mobile phase. The results are shown
for 20 ng/mL mycotoxin plasma standard in 60% methanol with 1% FA. Mycotoxins are shown
in the ESI modes where maximum signal intensity was obtained, which is the same mode used for
mycotoxin quantitation.

No published methods that covered the exact same 10 mycotoxins. The multi-mycotoxin
method developed by Osteresch et al. covered nine out of our 10 mycotoxins, except for FB2 and
uses HPLC Cis column combined with water/acetonitrile mobile phase.’® Lauwers et al.
compared the performance of four different RP columns, Hypersil Gold (1.9 pum, 50 mmx 2.1
mm), Zorbax Eclipse C18 (1.8 pm, 50 mm x 2.1 mm), Acquity BEH-Cus (1.7 pm, 50 mm x 2.1
mm), and Acquity HSS-T3 (1.8 um, 100 mm x 2.1 mm) for the separation of 24 mycotoxins which
included emerging mycotoxins and OTA.2’° The best mycotoxin separation was achieved with
Acquity HSS-T3 column and water/ methanol mobile phase.?’® Cao et al. developed multi-
mycotoxin method for FB1, FB2, CIT, OTA, aflatoxins, patulin and sterigmatocystin using
Kinetex Cis column and water/ acetonitrile mobile phase.'*® To the best of my best knowledge,
none of the reported methods used isopropanol for the detection of mycotoxins in blood-derived

samples in order to prevent the column build-up caused by endogenous compounds in samples. In
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addition, there are two mycotoxin methods with fast polarity switching in food poultry
samples?82283 pyt this is the first that time-segmented polarity switching was used for multi-

mycotoxin detection in any samples.

4.3.1.2 Effect of mobile phase additives on ionization efficiency

In Chapter 2, it was clearly shown that mobile phase additives can drastically increase ionization
efficiency and significantly influence the limits of detection. In addition, enniatins and BEA are
prone to generating multiple adduct ions, such as ammonium or sodium adduct ions in ESI(+), as
shown in Appendix C Supplementary Figure C3. To address this issue, a number of publications
use ammonium formate and ammonium acetate mobile phases to promote reproducible ammonium
adduct formation over other forms.”>121.153.284 | addition, ammonium adduct is easier to fragment
than sodium, thus resulting in better LLOQs since tandem mass spectrometry is often used for
mycotoxin analysis.”>?’® On the other hand, fumonisins also better ionize in ESI(+), but they do
not generate adducts. Their most intense ion is a protonated ion.”>?% OTA and CIT deprotonated
ions were detected by Devreese et al. pig plasma Blaszkewicz et al. human plasma methods,
respectively”%8 while Osteresch et al. human blood and serum method for OTA, OTa and CIT
and Cao et al. plasma for OTA and CIT produced protonated ions. 36139

For this method, both ESI(+) and ESI(-) were required to achieve the best sensitivity for
the analytes of interest. Polarity-switching was thus investigated to see if it can provide optimum
sensitivity for various analytes, while increasing overall throughput. The use of ammonium salts
may decrease signal intensity in ESI(-), whereas the use of acetic acid which promotes ESI(-) may
in turn decrease LLOQs for enniatins to unacceptable levels. Thus, to investigate the effect of
mobile phase additives on time-segmented polarity switching method, four mobile phase additives:
ammonium acetate, ammonium formate, FA and AA, were investigated. The results obtained are
shown in Figure 4.3. However, the results demonstrated that combination ESI(-) and ESI(+) in a
single analytical run was challenging. FA was the best compromise between all additives when
using methanol mobile phases, as shown in Figure 4.3. Ammonium acetate and ammonium
formate were suitable only for emerging mycotoxins and significantly decreased fumonisin signal

intensities.
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Figure 4.3. Evaluation of signal intensities of mycotoxins using different mobile phase additives.
FB1, FB2, ENNB, ENNB1, BEA, ENNA, and ENNA were detected in ESI(+) and OTa, CIT and
OTA were in ESI(-). The signal intensities (expressed as peak area) of mycotoxins obtained with
0.05% (8 mM) acetic acid, 2 mM ammonium acetate and 2 mM ammonium formate were
normalized to the signal intensity obtained with 0.05% (13 mM) formic acid in mobile phase. The
results are shown for 10 ng/mL mycotoxin standard (n=3) in 40% methanol. The separation was
performed using water/methanol mobile phase. Mycotoxins were detected as protonated ions for
fumonisins, deprotonated ions for ochratoxins and ammonium adducts for emerging mycotoxins.

Acetic acid performed well for OTa and CIT but was less efficient for fumonisins and
emerging mycotoxins. After switching methanol mobile phase to isopropanol, the effects of two
additives (AA and FA) and their concentration (0.02% vs. 0.05% v/v) were further evaluated using
matrix-matched calibration curves in plasma in order to evaluate the effect of additives on LOD
and S/N ratios in complex matrix. The best performance was observed with 0.02% AA (Appendix
C, Supplementary Figures C4-8), as indicated by the ability to detect low concentration standards
and the highest signal intensities obtained with 0.02% AA. Thus, 0.02% AA was selected for all

further work. This observation is in agreement with our previous findings for ESI(-)?%.

109



4.3.1.3 Optimization of MS parameters for time-segmented polarity-switching method

In order to reduce the MS analysis time per sample, time-segmented polarity switching method
was used to measure 10 mycotoxins of interest. This approach required sufficient separation of
critical pairs that require different ESI modes. The same values for MS settings, including drying
gas and sheath temperature in both ESI(-) and ESI(+) were used to ensure stable electrospray.
However, since method sensitivity was critically important for this application, MS settings such
as fragmentor voltage were investigated from 50 to 250 V to obtain the highest signal intensities
for each mycotoxin. The findings demonstrated that signal intensity of three mycotoxins detected
in ESI(-) drastically depended on the fragmentor voltage and optimum individual values were set
for these analytes (Appendix C Supplementary Figures from C9 to C12 ). All fumonisins and
emerging mycotoxins detected in ESI(+) had high signal intensities at 245 V fragmentor value.
Final fragmentor values are shown in Table. 4.1 according to the time segments.

The other settings that were investigated were the calibration parameters of the instrument.
This instrument can be calibrated at two mass ranges, 50-1700 m/z and 50-750 m/z. Mycotoxin
monoisotopic masses of the most intense ion ranged from 249.0763 m/z to 806.3987 m/z
(Appendix C Supplementary Table C1), so both mass ranges can be used for this method. The
comparison of signal intensities was performed at three concentration levels in spiked plasma, 0.3
ng/ml, 2.5 ng/ml and 20 ng/ml for all mycotoxins, except for OTa (only 2.5 ng/mL and 20 ng/mL).
Using 50-750 m/z calibration mass range, signal intensities for OTa, CIT and OTA increased by
60% (Appendix C Supplementary Figure C13). For the remaining mycotoxins, there was no
significant change in signal intensities observed. Thus, the narrow mass range was chosen, 50-750
m/z.

Next, high resolution mode (4 GHz) vs. extended dynamic range mode (2 GHz) of QTOF
was examined using plasma calibration curves, ranging from 0.039 ng/ml to 20 ng/ml. All results
are summarized in Appendix C Supplementary Figures C14-18. High resolution mode (4 GHz)
acquire data at the apex of the mass peak more heavily than at the shoulders providing narrower
and better resolution peaks vs. extended dynamic range mode (2 GHz). Resolving power ranged
from 19000 to 31000 and 17000 to 25000 for ESI(+) and ESI(-), respectively, for high resolution
mode (4 GHz). While extended dynamic range mode (2 GHz) resolving power ranged from 10000
to 22000 for ESI(+) and from 10000 to 20000 and ESI(-). Based on the results, high resolution

mode (4 GHz) gave better sensitivity for all mycotoxins compared to the extended dynamic range
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mode (2 GHz) and was chosen for the final method settings. Our findings are in agreement with
Jensen et al..?® They investigated the effect of four resolving power settings (17500, 35000, 70000
and 140000) using HRMS, Q-Exactive Orbitrap, at three different mycotoxin concentration levels
in feed samples.?®® The resolving power of 17500 resulted in a wide range of mass accuracies,
even more than 10 ppm?® Therefore, masses that had more than +5ppm error would not be
detected at +5ppm extraction window and generate false negatives.?® In order to extract at +5ppm
mass window minimal 35000 resolving power was necessary.?® However, some complex samples
required 70000 resolving power to enable the separation of mycotoxins from interfering ions at
low concentration levels.?® In sum, the insufficient resolving power of HRMS can results in poor
mass accuracy and poor selectivity at trace concentrations.

Acquisition rate is MS parameter that defines how many spectra are acquired per second.
Acquisition rates and time influence the signal intensity and the number of acquired scans across
the peak. Signal intensities of mycotoxins were first compared at 1 spectra per second, 3 spectra
per second and 6 spectra per second. However, at 1 spectra per second FB2 was not observed,
presumably because of insufficient scans across the peak, whereas at 6 spectra per second OTa
and CIT were not observed due to the low intensities. The final optimization thus compared the
performance of 3 and 2 spectra per second (Appendix C Supplementary Figure C19 and
Supplementary Table C2). The acquisition rate of 2 spectra per second increased signal intensities
of mycotoxins by 43-56% while still providing acceptable scan numbers ranging from 15 to 42
points across the peak, thus allowing accurate quantification. This setting was selected for all

subsequent experiments.

4.3.1.4 Selection of injection solvent

Injection solvent composition was critical for this method since the method combines mycotoxins
with different properties. Our initial work showed that hydrophobic compounds, such as OTA and
BEA gave higher signal intensity in 40% methanol vs. 20% methanol.?®® Thus, the starting
composition of injection solution was 40% methanol for this new method, which also matched
closely to the initial LC conditions (45% B, methanol mobile phase). Further experiment evaluated
the injection solvent composition in terms of analyte solubility, peak shape of early-eluting
compounds and signal stability over the analytical run. The evaluation of signal stability over the

analytical run demonstrated that fumonisin and emerging mycotoxin signal intensities
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continuously decreased over time. For example, 20 ng/ml mycotoxin standard prepared in 40%
methanol and injected as a quality control sample every 3 or 4 injections, systematic drift was
observed over time (Appendix C Supplementary Figure C20). It was hypothesized that this can
happen due to solubility issues and/or non-specific adsorption effects. To investigate this
hypothesis, different compositions, 40%, 60% and 80% methanol, and plastic and glass inserts
were investigated using the experimental scheme shown in Figures 4.1 and 4.2. In addition, to
check the losses due to adsorption, the experiments described in Section 4.2.6.2 were performed.
As expected, based on the solvent injection strength, the experiments showed that the early-eluting
mycotoxins, CIT and OTa, peak shape depended on the solvent composition. The best shape was
obtained with 40% methanol, 60% methanol showed some peak shape deterioration but was still
acceptable, whereas unacceptable peak shape was obtained with 80% methanol (Appendix C
Supplementary Figure C21). The remaining mycotoxins showed good peak shape across all
injection solvent compositions tested. Overall, 60% methanol is good compromise for all
mycotoxins.

Furthermore, mycotoxin signal intensities were compared in injection solvents (40%, 60%
and 80% methanol) and type of injection inserts (polypropylene plastic versus glass inserts) in
order to ensure good solubility for all mycotoxins (Figure 4.4 and Figure 4.5). 40% methanol
composition in plastic inserts showed solubility issues for FB1, FB2, ENNB, BEA, ENNB1,
ENNA and ENNAL vs. glass inserts (Figure 4.4). The intensities are not dependent on the type of
inserts when methanol composition is held above 60% for OTa, CIT, FB1, and OTA, additional
signal increments, from 8% to 79%, were observed for FB2, ENNB, BEA, ENNA1 and ENNA vs.
40% methanol composition in glass inserts (Figure 4.4). Figure 4.5 shows that 80% methanol
composition is slightly better in terms of signal intensity (additional 9-21% increment) than 60%
for all emerging mycotoxins and OTA. Additionally, Figure 4.5 demonstrates that the mycotoxin
intensities are not dependent on the type of inserts for all mycotoxins dissolved in 60% methanol.

The evidence of non-specific adsorption was demonstrated in Eppendorf tubes and plastic
insets for BEA, ENNA and ENNA1, when 40% methanol was used (Figure 4.4). This adsorption
experiment was then repeated with 60% methanol, and no adsorptive losses were observed, except
for ENNB1 (Figure 4.5).
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Figure 4.4. Evaluation of non-specific adsorption using plastic and glass inserts and different
injection solvent compositions, 40% and 60% methanol, n=3. Jlf- 20 ng/mL standard mycotoxin
solution in 40% methanol transferred into plastic inserts for LC-MS analysis, Alf - 20 ng/mL
standard mycotoxin solution in 40% methanol transferred into glass inserts for LC-MS analysis,
A - adsorption experiment then 20 ng/mL standard mycotoxin solution in 40% methanol
transferred into plastic inserts for LC-MS analysis. - standard mycotoxin solution in 60%
methanol transferred into plastic inserts for LC-MS analysis.

ENNBL1 signal intensity dropped to 73% in 60% methanol, but this value was considered as outlier
because signal intensity of 89% was observed in 40% methanol (Figure 4.4). In sum, 60%
methanol is good compromise for all mycotoxins considering mycotoxin solubility, non-specific
adsorptive losses, and peak shapes for early-eluting polar mycotoxins.

Next, the stability of signal intensity was re-evaluated using standard solutions prepared in
60% methanol, however, fumonisin signal intensities still showed systematic decrease in signal
intensity over time (Appendix C Supplementary Figure C22), indicating that additional

modification to the method was needed.
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Figure 4.5. Evaluation of non-specific adsorption using plastic and glass inserts and different
injection solvent compositions, 40% and 60% methanol, n=3. Jlf- 20 ng/mL standard mycotoxin
solution in 60% methanol transferred into plastic inserts for LC-MS analysis, Jlf - 20 ng/mL
standard mycotoxin solution in 60% methanol transferred into glass inserts for LC-MS analysis,
A - adsorption experiment then 20 ng/mL standard mycotoxin solution in 60% methanol
transferred into plastic inserts for LC-MS analysis, - standard mycotoxin solution in 80%
methanol transferred into plastic inserts for LC-MS analysis.

Since fumonisins are acidic compounds, the addition of 1% of FA to injection solvent was
examined. The summary of the signal intensity results over time is shown in Appendix C
Supplementary Figure C23. The addition of 1% FA to 60% methanol resolved the issue of drifting
signal intensity of fumonisins and did not adversely affect the rest of mycotoxins. This was selected
as the final injection solvent composition. To the best of our knowledge, this is the first extensive
evaluation of injection solution composition to ensure accurate quantitation and minimize losses
due to non-specific adsorption for multi-mycotoxin methods. The importance of this parameter

during method development should not be under-estimated.
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4.3.1.5 Development of sample preparation method for 10 mycotoxins

Sample preparation is a key step for the development of multi-mycotoxin LC-MS methods. Sample
preparation is a critical determinant of method sensitivity and accurate quantitation of mycotoxins.
Mycotoxins combined in this method have different chemical and physical properties. Fumonisins
and ochratoxins are acidic compounds, emerging mycotoxins are basic compounds. Their logPs
also vary, from 0.81-4.61 for ochratoxins, -0.67-0.72 for fumonisins and 4.96-7.27 for emerging
mycotoxins using ChemAxon prediction algorithm. Ochratoxins and fumonisins are polyketide-
derived compounds, whereas emerging mycotoxins are depsipeptides, Figure 1.1. For this reason,
a simple generic sample preparation technique of organic solvent protein precipitation was chosen
for this application in order to provide high analyte recovery. In addition, evaluation of sample
preparation techniques for the method #1 showed that OTA, FB1 and FB2 were not extracted with
LLE (ethyl acetate) with PE% > 70% even when acidification was used and HLB Oasis may lead
to the high cost per samples?®. Acetonitrile and methanol were first evaluated as protein
precipitation and reconstitution solvents for OTa, CIT, OTA, FB1, FB2 and BEA. According to
PEs% summarized in Figure 4.6, methanol provided the best PEs% (85.8-102.4%) for all
compounds when used as a solvent for both protein precipitation and reconstitution. When
acetonitrile was used for reconstitution, it resulted in low PEs%, 18.1%, 34.7% and 12.2% for
OTa, CIT and BEA, respectively, demonstrating that acetonitrile does not sufficiently solubilize
these mycotoxins. Similar results were observed when acetonitrile protein precipitation samples
were reconstituted into acetonitrile. PEs% were 20.7%, 36.4% and 13.5% for OTa, CIT and BEA,
respectively. However, PEs% were 85.0%, 97.2% and 89.9% for OTa, CIT and BEA, respectively,
when acetonitrile protein precipitation samples were reconstituted into methanol. Acetonitrile is
not an appropriate solvent for protein precipitation for fumonisins, since acetonitrile protein
precipitation samples reconstituted in acetonitrile had low PEs%, 27.0% and 37.9% for FB1 and
FB2, respectively. Similar results were obtained with acetonitrile protein precipitation samples
reconstituted in methanol, 11.1% and 22.9% for FB1 and FB2, respectively. This effect was not
observed for methanol protein precipitation samples. Organic solvent protein precipitation can

effectively remove most of the proteins from blood-derived products, such as plasma and serum.
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Figure 4.6. Evaluation of PEs% using different precipitation and reconstitution solvents, methanol
and acetonitrile, n=3. The results are shown for plasma spiked with 100 ng/mL of mycotoxins Al
- extracted with methanol and reconstituted into 40% methanol, - extracted with methanol and
reconstituted into 40% acetonitrile, Al - extracted with acetonitrile and reconstituted into 40%
acetonitrile, / - extracted with acetonitrile and reconstituted into 40% methanol.

Protein removal efficiencies were found to be >90% for both methanol and acetonitrile %7. For
this multi-mycotoxin method, it is prioritized to have negligible matrix effects as isotopically-
labelled internal standards for all analytes of interest are not available. Plasma after protein
precipitation can still have high content of lipids and other endogenous compounds that can
interfere with mycotoxin analysis. Thus, additional clean-up steps to remove lipids, such as LLE
with hexane and MTBE, were evaluated. The recoveries of all mycotoxins using protein
precipitation with methanol and combined LLE-protein precipitation methods are shown in Figure
4.7. The addition of both MTBE and hexane LLE sample clean-up resulted in low recoveries of
ENNs and BEA, ranging from 0% to 11.2%. Further application of LLE clean-up was discontinued
for this reason. Finally, matrix effects were evaluated for protein precipitation with methanol and
found to be negligible (80-120%) for all mycotoxins, as shown in Figure 4.8.
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Figure 4.7. Evaluation of absolute extraction recoveries using different sample preparation
methods. gl - protein precipitation with methanol, M- LLE extraction with MTBE followed by
protein precipitation with methanol, #lf - LLE extraction with hexane followed by protein
precipitation with methanol. The results are shown for plasma spiked with 100 ng/mL mycotoxins,
n=3.

Sample preparation protocol, Section 4.2.3.2.1, was changed to protocol described in
Section 4.2.4. The first change was increasing the time of centrifugation, from 10 to 20 min to
ensure an effective sedimentation of precipitated proteins. 10-min centrifugation was found to
cause increasing LC pressure during method development indicating protein-binding on the
column. A second centrifugation step was also added when injection solvent composition was
changed to contain formic acid. Acids can cause additional protein precipitation, and small amount
of precipitation was observed in samples after adding FA and centrifugation. However, even after
these two changes, increases in column pressure were still observed after long analytical runs. To
address this issue, methanol was kept at 4°C before adding to plasma, mixing time was reduced to
3 min, and samples were kept at —80°C for 20 minutes. According to Sarafian et al. freezing
temperatures maximize protein precipitation.?®® During evaluation of long analytical run of 200
samples, the column pressure still increased slightly but this precipitate formation affected only
guard column. Thus, in-line filter was added prior to guard column to prevent frequent guard

replacement.
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Figure 4.8. Evaluation of matrix effects using protein precipitation with methanol. The results are
shown for pooled plasma spiked with 20 ng/mL mycotoxins, n=3.

4.3.2 Evaluation of method accuracy and precision

Validation is the process to determine method performance parameters, including precision,
accuracy, LLOQ, LOD, linearity, recovery, selectivity, and stability. Thus, validation results can
be used to estimate the method reliability and determination whether method is suitable for its
intended use. Currently, there is no guidance for the validation of biomonitoring LC-MS methods,
so FDA Bioanalytical Method Validation Guideline procedures were selected for this purpose.®°
According to FDA guidelines, method accuracy and precision should meet 85-115% accuracy and
<15% RSD for precision for all levels except for LLOQ where 80-120% accuracy and <20% RSD
for precision are acceptable. Considering biomonitoring methods are applied for ultra-trace
analysis of very low levels of xenobiotics, we consider method performance to be acceptable if
80-120% accuracy and <20% RSD are met across all levels.

During method evaluation, intra-day accuracy and precision experiments were performed
three times. The first experiment used matrix-matched calibration curves, ranging from 0.075 to
19.2 ng/ml for OTA, ENNB, ENNB1, from 0.10 to 25.6 ng/ml for CIT, and from 0.25 to 32.0
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ng/ml for ENNA, ENNAI, BEA, FBI, FB2 and OTa. Validation samples (n=6) spiked with
different concentrations of mycotoxins of interest were prepared using the same procedures as
calibration curves at concentrations shown in Table 4.2. Figure 4.9 shows the results of the first
intra-day accuracy and precision experiment. This experiment demonstrated that both LOQ 1 and
LOQ 2 levels of OTa (216.2% and 221.5%), CIT (149.2% and 122.2%), FB1 (134.3%, and
147.7%), OTA (69.6% and 46.4%), BEA (203.5% and 169.7%), ENNAL1 (186.2% and 152.1%),
ENNA (157.0% and 150.5%) and ENNB (62.5% for LOQ 2) did not pass criteria for accuracy
(within 20% of nominal concentration). Precision criteria did not meet acceptance of <20% RSD
for CIT (21.9%, 22.4%), OTA (117.0%, 109.2%), FB2 (24.8% only for LOQ 1) and ENNB (30.3%
for LOQ 2). In addition, accuracy values of OTa (168.5%, 170.0% for low 1, low 2, respectively),
ENNB (64.6% and 74.6% for low 1 and low 2), BEA (125.0% for low 2) and ENNA (124.0% for
low 2) were unacceptable. Furthermore, OTA showed poor precision (25.6% and 44.5% RSD for
low 1 and low 2). These results demonstrated unacceptable method performance and experiment

was repeated to test additional concentration levels.

Table 4.2. Validation sample concentrations prepared to evaluate method accuracy and precision
in the first intra-day experiment.

Level OTe | CIT FB1 | OTA | FB2 | ENNB |[ENNB1| BEA |ENNA1[ ENNA

Concentration, ng/ml

LOQ 1 0.50 0.10 0.63 0.08 0.63 0.15 0.15 0.25 0.25 0.25

LOQ2 | 0.63 0.13 0.78 | 0.10 | 0.78 0.19 0.19 0.31 0.31 0.31

LOW 1 1.50 | 0.30 1.88 | 0.24 1.88 0.45 0.45 0.75 0.75 0.75

LOW2 [ 1.88 0.38 2.34 0.30 2.34 0.56 0.56 0.93 0.93 0.93

MEDIUM| 3.33 2.67 | 3.33 200 [ 3.33 2.00 2.00 3.33 3.33 3.33

HIGH 18.3 14.7 18.3 11.0 18.3 11.0 11.0 18.3 18.3 18.3

Considering that the accuracy and precision of several mycotoxins in the first experiment
did not meet requirements, the validation samples were modified and prepared as summarized in
Table 4.3. Three higher concentration levels were set as low (3.5 ng/ml), medium (8 ng/ml) and
high (16 ng/ml) for all mycotoxins. Three possible LLOQ concentrations, LOQ 1, LOQ 2, and
LOQ 3 were varied for mycotoxins, considering the results from method development and first

intra-day validation experiment.
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Figure 4.9. Summary of intra-day accuracy and precision results obtained in the first experiment.
y-axis shows mean accuracy, and standard deviation (n = 6) is shown as error bar. Intra-day
precision and accuracy determination was performed using validation plasma samples shown in
Table 4.2. and appropriate matrix-matched calibration curves. Red lines show acceptable
accuracy which is set at 80% to 120%.

Matrix-matched calibration curves were prepared at equal concentration levels for all mycotoxins,
ranging from 0.08 to 20.0 ng/ml. Figure 4.10 summarizes the results of the second intra-day
validation experiment. Overall, all validation samples at low, medium, and high concentration
levels passed precision and accuracy criteria, showing acceptable method performance above 3.5
ng/ml. Among three potential LLOQ levels, at least one LLOQ level met precision and accuracy
requirements, except for CIT and ENNB1. CIT was not observed in any LLOQ samples whereas
ENNB1 accuracy exceeded acceptance of 120% in all three LLOQ levels tested.
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Table 4.3. Validation sample concentrations prepared to evaluate method accuracy and precision
in the second experiment.

Level OTo CIT FB1 OTA FB2 | ENNB |ENNB1| BEA |ENNA1| ENNA
Concentration, ng/ml
LOQ 1 0.63 0.10 0.63 0.10 0.63 0.15 0.15 0.25 0.25 0.25
LOQ 2 1.25 0.20 1.25 0.20 1.25 0.30 0.30 0.50 0.50 0.50
LOQ 3 1.88 0.30 1.88 0.30 1.88 0.45 0.45 0.75 0.75 0.75
LOW 3.50 3.50 3.50 3.50 3.50 3.50 3.50 3.50 3.50 3.50
MEDIUM| 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
HIGH 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0
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Figure 4.10. Summary of intra-day accuracy and precision results obtained in the second
experiment. y-axis shows mean accuracy, and standard deviation (n = 6) is shown as error bar.
Intra-day precision and accuracy determination was performed using validation plasma samples
shown in Table 4.3. and appropriate matrix-matched calibration curves. Red lines show
acceptable accuracy which is set at 80% to 120%.
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The results of first and second intra-day experiments did not show good agreement, so a
third intra-day experiment was performed. Matrix-matched calibration curves were prepared in the
range of 0.16 to 20 ng/ml for all mycotoxins. Considering unexpected results obtained with CIT
and ENNB1, concentrations for validation samples were changed. Three concentrations at low
(4.00 ng/ml), medium (8.00 ng/ml) and high (16.0 ng/ml) levels were prepared for all mycotoxins.
Additional possible LLOQ levels were prepared for all mycotoxins to help refine LLOQ
determination: LOQ 1 (0.20 ng/ml), LOQ 2 (0.30 ng/ml), LOQ 3 (0.45 ng/ml), LOQ 4 (0.65 ng/ml)
and LOQ 5 (1.25 ng/ml) as shown in Table 4.4. The accuracy and precision results obtained for
the third experiment are shown in Figure 4.11. All low, medium, and high validation samples met
accuracy and precision requirements which agreed well with the results from second experiment.
However, unexpectedly mycotoxins spiked at LLOQ concentrations from 0.20 ng/ml to 0.63 ng/ml
were not detected in validation samples. At 1.25 ng/ml concentration level, only OTa, CIT and
OTA met requirements. These results showed poor agreement with both first and second
experiment, indicating significant issues with the reliability of the method. Table 4.5 summarizes

LLOQs obtained across three experiments for all mycotoxins of interest.

Table 4.4. Validation sample concentrations prepared to evaluate method accuracy and precision
in the third experiment.

Level Concentration, ng/ml

LOQ 1 0.20

LOQ 2 0.30

LOQ 3 0.45

LOQ 4 0.63

LOQ 5 1.25

LOW 4.00
MEDIUM 8.00

HIGH 16.0

Several possible reasons for this disagreement between results were investigated. The
matrix-matched calibration curves for all mycotoxins across three experiments were compared by
calculating slope RSDs, 27.3-54.5%, which showed variability between tree calibration curves
(Table 4.6). Internal standard RSDs across the three experiments showed %RSD values of 3.2-

7.9% across all validation samples within a given experiment indicating no issues with the
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extraction process (Table 4.7). Additionally, internal standard signals over intra-day experiment

shown in Appendix C Supplementary Figure C24 demonstrated signal stability during the run.
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Figure 4.11. Summary of intra-day accuracy and precision results obtained in the third
experiment. y-axis shows mean accuracy, and standard deviation (n = 6) is shown as error bar.
Intra-day precision and accuracy determination was performed using validation plasma samples
shown in Table 4.4 and appropriate matrix-matched calibration curves. Red lines show acceptable
accuracy which is set at 80% to 120%.

Mycotoxin areas were normalized to internal standard areas, and calibration curves were
re-calculated using the ratio of mycotoxin areas to internal standard area. OTa, CIT and OTA areas
were normalized to OTAds internal standard, while the rest mycotoxin areas to FB3 internal
standard. Finally, the calculated slope RSDs were improved and ranged from 3.1% to 17.6% for
all mycotoxins, except for OTa (75.7%) and CIT (43.3%) as shown in Table 4.8, showing that

123



internal standard does not compensate variability in this time segments and not appropriate for

these compounds.

Table 4.5. Summary of LLOQ values obtained for three intra-day accuracy and precision
experiments. LLOQ was set as the lowest concentration that meets 80-120% accuracy and <20%
RSD (n=6 replicates)

LLOQ OTa | CIT | FB1 | OTA | FB2 | ENNB |ENNB1| BEA |ENNA1|ENNA
Concentration, ng/ml

E"perlimem 333 | 030 | 1.88 | 2.00 | 078 | 200 | 045 | 075 | 0.75 | 0.75

E"perzimem 125 | 350 | 125 | 020 | 0.63 [ 045 | 350 | 050 [ 075 | 0.50

Exper;ment 400 | 125 | 400 | 125 | 400 | 400 | 400 | 400 | 4.00 | 4.00

Table 4.6. Summary of matrix-matched calibration curves for all mycotoxins across three
experiments. The calibration curve is a plot of the instrumental responses versus concentrations
(ng/ml), linear regression using a 1/x weighting factor.

Mycotoxin Calib_ration Calib_ration Calib_ration %SE)?)EsOf

Experiment 1 Experiment 2 Experiment 3 (n=3)

OTa Y=17095*x+3603 | Y=24099*x-2005 Y=47987*x-495 54.5
CIT Y=52079*x+892 | Y=29912*x-3915 | Y=37742*x+1488 28.2
FB1 Y=9392*x+2106 | Y=6959*x+2834 | Y=15800*x+5982 42.6
OTA Y=17737*x+4244 | Y=14567*x+3034 | Y=36806*x+8177 52.2
FB2 Y=10346*x-482 | Y=6889*x+129 Y=15159*x+3312 38.5
ENNB Y=52713*x-1889 | Y=30942*x+918 | Y=63416*x+2438 33.8
ENNB1 | Y=32068*x-3292 | Y=16815*x-555 Y=37742*x+1488 37.5
BEA Y=20301*x-3140 | Y=14598*x+224 | Y=28777*x-1894 33.6
ENNAL1 | Y=32515*x-8617 | Y=23067*x-1641 | Y=52490*x-12335 41.7
ENNA Y=30969*x-3589 | Y=22301*x-176 Y=39134*x-5669 27.3

Table 4.7. Internal standard mean peak area and %RSD across all three experiments.
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Internal Experiment 1 Experiment 2 Experiment 3
standard Mean peak %RSD Mean peak %RSD Mean %RSD
area area peak area
FB3 107053 6.0 76210 7.1 178799 7.9
OTAds 157095 55 140641 54 425253 3.2

Table 4.8. Summary of matrix-matched calibration curves for all mycotoxins across three
experiments normalized to internal standards. 2Normalized to OTAds, "normalized to FB3.

%
Mvcotoxin Calibration Calibration Calibration RSD of
y Experiment 1 Experiment 2 Experiment 3 slopes
(n=3)
OTa? y=4.68*x-0.002 y=1.64*x-0.02 y=1.19*x-0.04 75.7
CIT? y=3.07*x-0.01 y=2.02*x-0.03 y=1.25*x-0.01 43.3
FB1° y=0.86*x-0.01 y=0.90*x-0.01 y=0.98*x-0.02 6.8
OTA:® y=1.07*+0.08 y=1.00*x+0.01 y=0.91*x+0.02 8.2
FB2° y=0.90*x-0.02 y=0.85*x-0.01 y=0.93*x-0.02 54
ENNB® y=4.71*x-0.03 y=3.80*x-0.04 y=3.77*x-0.03 13.1
ENNB1° y=2.85*x-0.03 y=2.05*x-0.02 y=2.25*x-0.02 17.6
BEA® y=1.81*x-0.03 y=1.79*x-0.02 y=1.71*x-0.03 3.1
ENNA1P y=2.87*x-0.05 y=2.80*x-0.03 y=3.06*x-0.06 4.7
ENNAP y=2.76*x-0.03 y=2.72*x-0.03 y=2.30*x-0.05 9.7

Table 4.9. Quality control (QC) standard sample %RSD across three experiments.

ac %RSD %RSD %RSD
Experiment 1 Experiment 2 Experiment 3
OTa 4.7 8.6 3.9
CIT 4.6 2.8 6.7
FB1 4.9 6.1 2.0
OTA 4.0 4.3 3.6
FB2 4.4 6.1 7.1
ENNB 4.1 1.3 2.2
ENNB1 4.2 2.9 1.7
BEA 4.9 3.2 1.9
ENNA1 4.4 4.3 2.2
ENNA 4.7 3.9 1.9

125




QC samples injected throughout the sequence were extremely stable as shown in Table 4.9.
This eliminates LC-MS drift as contributing factor to the observed results. In prior studies using
this QTOF instrument, we noticed poor mass accuracy at low concentration levels, so this factor
was investigated but was found not to explain the observed results. For example, widening
extraction window to £50 ppm for third experiment did not enable detection of lower concentration
of mycotoxins. Next, the total ion current chromatograms of validation samples across three
experiments were compared with similar concentrations as shown in Appendix C, Supplementary
Figure C25. The total ion current chromatograms of the experiments 1 and 2 differ from the total
ion current chromatogram of experiment 3. The same trend was observed in the total ion current
chromatograms of standard solutions and blank samples (60% methanol with 1% FA) across three
experiments. Additionally, base peaks were extracted, the comparison of the ion masses showed
similarity and did not reveal the reason resulting in the different total ion current chromatograms,
further investigation is necessary. The impact of noise on LLOQ determination was also
investigated. Extracted ion chromatograms of similar concentration across three experiments for
OTa, OTA, FB2 and ENNA were investigated, and S/Ns were compared, Appendix C,
Supplementary Figures C26-C29. However, differences in terms of S/N ratio were not observed.
The comparison of protonated ion, ammonium and sodium adducts of emerging mycotoxins
showed the variable ionization pattern in all three experiments Appendix C, Supplementary Figure
C30. If the percentage of adduct formations varies across samples or days perhaps it also
contributes to the discussed results. Additionally, RSD%s were calculated for 6 replicates of
validation samples (4 ng/ml), experiment 3, using the sum of ammonium and sodium areas and
only the area of sodium ion, Appendix C, Supplementary Table C5. The results of calculations
demonstrated that precision improved up to 2.5x when RSD%s were calculated as sum of areas.

In conclusion, the evaluation of three experiments showed that the LC-MS method was not
reproducible, at levels below 4 ng/ml and requires further modifications. Possibly that the method
can not provide suitable selectivity at low concentration levels and thus can not have the ability to
discriminate mycotoxins from other co-eluting compounds requiring additional clean-up and
enrichment. To address this limitation, selective pre-concentration and purification can be
performed by using solid phase extraction which can improve simultaneously sensitivity and
selectivity. A number of mycotoxin studies has already used solid phase extractions demonstrating

sub ng/ml LLOQs levels.?’828 The other way to improve method performance is to change HRMS

126



for tandem mass spectrometry. The comparison of the analytical characteristics of QQQ 6410B
and QTOF 6545 showed that QTOF 6545 had about 5x worse sensitivity and worse precision.?%
They declared that both instruments enabled to perform quantitative analyses, however,

interference-free environment would be preferable for QTOF 6545.2%°

4.3.3 Evaluation of recovery and matrix effects of finalized method using 10
individual lots of plasma

The absolute recoveries and matrix effects in individual plasma samples were evaluated. The
results of this experiment are shown in Figure 4.12. Matrix effects exceeding 80-120% acceptance
criteria were observed for fumonisins (134.8% to 167.8%), OTa (77.5% to 92.6%), ENNB (69.7%
t079.4%) and ENNA (69.3% to 79.2%). For fumonisins, internal standard FB3 shows the same
ionization trends and can be used to correct for these matrix effects. lonization pattern of emerging
mycotoxins were evaluated in 10 lots of plasma, Appendix C, Supplementary Figures C31. Results
demonstrated that sodium ions were the most intense. Ammonium adduct areas were the most
variable across 10 lots of plasma and needed mobile phase additives to be controlled. The
comparison of signal intensities of protonated ions, ammonium and sodium adducts shown in
Supplementary Figures C32-C34 demonstrated that sodium signal intensities were less variable
than ammonium signal intensities, and that is why it was used for evaluation of matrix effect and
recovery. Additionally, the sum areas of protonated, ammonium, and sodium adducts showed that
variability increased in ENNB and ENNAL1 comparing to sodium adduct areas across 10 lots of
plasma, Supplementary Figures C34 and C35. For accurate quantitation of ENNB and ENNA,
either additional internal standards or additional sample clean-up are needed to address the
observed ion suppression.

The extraction recovery for individual plasma lots ranged from 86.6% to 127.7%. No sex-
specific effects were observed. However, the observed matrix effect for several mycotoxins in
different lots of plasma show that protein precipitation does not provide sufficient clean-up of the

samples for this multi-mycotoxin method.
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Figure 4.12. Evaluation of absolute ionization matrix effects (a) and absolute recoveries (b).
obtained for 10 individual plasma samples spiked at 1.4 ng/ml and 7 ng/ml, respectively, (n=1
replicate per plasma lot). Results were obtained as described in Section 4.2.5. 10 individual
plasma samples were 5 female and 5 male samples.
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4.3.4 Comparison of current method to literature methods

Current developed method has poor LLOQs compared to the literature as summarized in Table
4.10. Fumonisin LLOQs are comparable to the literature, whereas the LLOQs of ochratoxins and
emerging mycotoxins are better in literature. For example, OTA LLOQs from literature ranged
from 0.005 ng/ml to 10 ng/ml, CIT from 0.021 ng/ml 0.25 to ng/ml, fumonisins from 0.16 ng/ml
to 10 ng/ml, emerging mycotoxin LLOQs from 0.005 ng/ml to 1.5 ng/ml. There is no method that
could cover the same 10 mycotoxins in human and animal blood-derived products that could be
easily adopted to our purposes. Method developed by Osteresch et al. could analysis nine of our
mycotoxins, except FB2, using dried serum spots and dried blood spots with the following
acetonitrile extraction.*® The method has LLOQs ranged from 0.005-0.25 ng/ml, however, their
method suffers from matrix effects that ranged from 46 to 842% for these mycotoxins.**® Devreese
et al. developed multi-mycotoxin method for FB1 and OTA based on protein precipitation with
acetonitrile (1:3, v/v).”> However, they could only obtain 2 ng/ml LLOQs for FB1 and OTA.™
They had acceptable matrix effects 87.9% for OTA and 98.8% for FB.” Cao et al. method
contained three out our mycotoxins, FB1, FB2 and OTA.?® Using enzymatic treatment with the
following protein precipitation with acidified acetonitrile (1:4, v/v), LLOQs ranged from 0.44 to
0.92 ng/ml, matrix effects were acceptable for FB1 (80%) and OTA (100%), but not for FB2
(60%).2*° Recently developed multi-mycotoxin method for 24 mycotoxins in pig and chicken
plasma based on the usage of protein precipitation with acetonitrile (1:3, v/v) or additional removal
of phospholipids, respectively.?”® LLOQs was 1 ng/ml for OTA and emerging mycotoxins and
matrix effects ranged from 45.5-135.5%.27° There are a few a single or class-specific methods for
OTA (0.15 ng/ml), CIT (0.15 ng/ml, 0.07 ng/ml) and emerging mycotoxins (0.2-0.04 ng/ml) that
uses different instruments and sample preparation, including immunoaffinity clean-up.121:135138141
Serrano et al. obtained LLOQs and process efficiency ranging from 0.02-0.04 ng/ml and 99.7-
109.5%, respectively, in human plasma due to the usage of graphitized carbon black sorbents for
the clean-up of human plasma.'?! Korn et al. compared two sample preparation techniques, LLE
with the following immunoaffinity clean-up and dispersive solid-phase extraction for the OTA

analysis in human blood-derived products.*®
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Table 4.10. Comparison of our method and class-specific and multi-class method LLOQs.

Mycotoxin m(e)tlllll; d Other published class-specific methods and multi-class methods
class
LLOQ, LLOQ, ng/ml Matrix Author
ng/ml
0.15 (CIT) Human plasma Blaszkewicz et al. '¥*
0.15 (CIT) Human serum Ali et al. 1!
0.07 (OTA) Human blood Korn et al. '3°
0.021 (OTA) Human blood Cramer et al. **
OTA 0.20-2.00 0.5 (OTA) Human serum Ritieni' etal. '417
OTa 1.95-4.00 0.16 (OTA) Human serum De Santis et al.
cIT 0.30-3.50 2 (OTA) Pig plasma Devreese et al. 7>
R 0.05-0.25/ 0.05-0.25 | Human serum/blood Osteresch et al. 13
0.5 (OTA) Human plasma Cao et al. '*¥°
0.1-0.2 Human plasma Fanetal. ®
1/1 (OTA) Pig/chicken plasma Lauwers et al. 27
10 (OTA) Fish plasma Tolosa et al. 2%
0.16 (FB1) Human serum De Santis et al. '*’
2 (FB1) Pig plasma Devreese et al.
FB1 1.25-4.00 2.5/ 2.5 (FB1) Human serum/ blood Osteresch et al. '3
FB2 0.63-4.00 0.5 Human plasma Cao et al. '¥
0.5 (FB1) Human plasma Fan et al. %
8-10 Fish plasma Tolosa et al. 2%
EElll\Illl\llfl 832:288 0.02 - 0.04 Human plasma Serrano et al. 2
o 0.01-0.05/ 0.005-0.05 | Human serum/ blood Osteresch et al. 13
BEA 0.5-4.00 . . 279
1/1 Pig/chicken plasma Lauwers et al.
ENNAL 0.75-4.00 1-1.5 Fish plasma Tolosa et al. >
ENNA | 0.5-4.00 | |

They obtained similar LLOQs for both methods, 0.07 ng/ml and 0.08 ng/ml for immunoaffinity

and dispersive solid-phase extraction, respectively, without reporting matrix effects™®.

Blaszkewicz et al. used enzymatic treatment with the following protein precipitation with

acetonitrile (1:1, v/v) for CIT analysis in human plasma.'® Their method LLOQ was 0.15 ng/ml,

unfortunately matrix effect was not reported.'® Literature demonstrated that different sample

preparation methods were applied for mycotoxin analysis, the frequently used technique are

protein precipitation which not always provide simultaneously good LLOQ levels and negligible

matrix effects.
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ENNB1, BEA, ENNAL and ENNA were not detected in human blood-derived samples to
the best of my knowledge. In two studies, the presence of these mycotoxins was verified in human
blood-derived samples, but they were not detected.*?1% The rest of mycotoxins, FB1, CIT, OTA,
OTa, and ENNB, were previously detected in either blood, or serum, or plasma, as shown in Table
4.11. The mean concentrations of mycotoxins were at sub ng/ml levels, except for OTA value of
1.2 ng/ml which was detected in plasma from China. The mean observed concentrations of FB1
and ochratoxins were 0.09 ng/ml to 1.2 ng/ml. ENNB was observed in two studies with similar
mean levels, 0.0367 ng/ml and 0.0481 ng/ml.1%28% The summarized measured levels of
mycotoxins clearly demonstrate that the developed LC-MS method should have LLOQs at sub
ng/ml levels.

Table 4.11. Mean measured concentrations of FB1, CIT, OTA, OTa, ENNB in human blood-
derived samples, and the rest mycotoxins were not observed.

Mean concentration
Mycotoxins in blood-derived Reference
samples, ng/ml
FB1 0.756 64
CIT 0.36 14
1.20 64
0.71 135
OTA 0.756 280
0.25 66
0.09 66
OTa 0.96 o6
0.0367 136
ENNB 0.0481 280

4.4 Conclusion and future work for LC-HRMS method for 10 mycotoxins

In order to develop LC-MS method with good LLOQs, further enrichment and clean-up steps,
or/and the usage of tandem mass spectrometry will be needed to improve the method before
proceeding with full validation. However, to find the suitable additional sample preparation step
can take time. Solid-phase extraction should be first considered as a candidate to address this
limitation. It can provide both enrichment and clean-up steps, however, it will increase time and
cost per sample. For, example, Serrano et al. used SPE (graphitized carbon black sorbent) as

sample preparation for emerging mycotoxin analysis in human plasma, to reduce matrix effect
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that was evaluated as a part of process efficiency (100%-110%), to increase mycotoxin recoveries
(76%-103%) and to remove matrix interferences.’?! De Baere et al. developed method for
fumonisins in chicken plasma using Oasis® Ostro™ 96-well plate to remove proteins and
phospholipid.?®! This method had recoveries more than 80% and matrix effects ranged from 112.5—
127.1%.%! Qasis® Ostro™ 96-well plate was also applied by Lauwers et al. for chicken plasma
in multi-mycotoxin method.?’® OTA ENNA1, ENNA, ENNB1, ENNB1 and BEA recoveries
ranged from 66.2% to 90.9%, while matrix effects ranged from 73.9% to 135.5% chicken plasma
samples.?’® There are several published methods that used Cie SPE for the OTA extraction in
human blood-derived products, reporting recoveries > 85%.5329229 Based on the mycotoxin
chemistry and the developed chromatographic conditions using Cis column and methanol mobile
phase, the rational choice of SPE to improve LLOQs can be Cis sorbents. Knowing
chromatographic elution times of mycotoxins, it will be easy to develop Cis SPE method which
will allow to concentrate and to purify mycotoxins from plasma samples. By sequentially
increasing solvent polarity, acidic mycotoxins will be fractionated from polar compounds and
compounds with intermediate polarity, then emerging mycotoxins can be selectively isolated from
highly hydrophobic compounds, such as triglycerides. In addition to complex sample preparation
tandem mass spectrometry can be also considered to improve LLOQs, since it provides additional
selectivity and sensitivity by improving S/N ratio, however, the method would be difficult to adopt
for metabolite characterization and screening. Recently the performance of QQQ low resolution,
Agilent QQQ 6410B, and high resolution, Agilent QTOF 6540, mass spectrometry was compared
using analysis of amino acids.?®® The quantification range of compounds was 3 to 5 orders of
magnitude better for QQQ than for QTOF.?*® Precision with QQQ was below 5% for most
compounds tested whereas the RSDs from 5 to 20% was observed by the QTOF detection for all
compounds.?® Overall, authors concluded that both platforms can be used for the accurate
quantifications, however, QQQ provides compound quantifications with the highest precision,
while QTOF performance is still acceptable with benefits to perform analysis of unknown

compounds.?%®
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5. Conclusions and future work

5.1 Conclusions

Mycotoxin contamination is a well-known global issue that demands accurate, sensitive and
validated mycotoxin methods for the assessment of human exposure to mycotoxins. In this thesis,
two multi-mycotoxin LC-MS methods were successfully developed for 27 mycotoxins and their
metabolites in human plasma. The first method used high-resolution mass spectrometry (LTQ
Velos Orbitrap) coupled to RP liquid chromatography to measure 17 mycotoxins (NIV, DON,
FUS-X, 3-AcDON, 15-AcDON, T-2, HT-2, AFB1, AFB2, AFG1, AFG2, ZEN, a-ZOL, B-ZOL,
ZAN, 0-ZAL and B-ZAL). The application of core-shell Kinetex PFP column allowed successful
separation of all isomeric and isobaric compounds, including a-ZOL, 3-ZOL, and ZAN, 3-AcDON
and 15-AcDON, and oa-ZAL and B-ZAL. In order to achieve good method sensitivity, several
sample preparation techniques were evaluated, including solid-phase extraction, liquid-liquid
extraction and protein precipitation. The recovery and matrix effects of the best three methods,
including protein precipitation with acetonitrile, SPE Oasis HLB and three-step-LLE with ethyl
acetate were systematically compared. Three-step-LLE with ethyl acetate was chosen because of
optimal method recovery, > 70% for 16 mycotoxins, except for NIV (24%) and negligible matrix
effects. Out of the three methods only three-step-LLE had matrix effect in the range 80% to 120%
across all 17 mycotoxins, in order to provide accurate quantification of mycotoxins in the absence
of individual isotopically-labelled standards for each mycotoxin. In addition to the extensive clean-
up achieved with the selected LLE method, good method sensitivity was also achieved due to
novel discovery of the effect of acetic acid on ionization efficiency. Acetic acid increased signal
intensity of the mycotoxins in the range of 1.4x up to 26x compared to formic acid. Further
evaluation of three concentrations of acetic acid, 0.1%, 0.02% and 0.006% (v/v) on signal intensity
in ESI(-) showed that the most preferable concentration of acetic acid among those tested is 0.02%
to ensure effective ionization while maintaining good method precision. This was an important
finding which extended beyond my own research, and was found to enhance ionization of lipids
as well 2%

The final method was validated according to the procedure described in Section 2.2.6.
Method LLOQs ranged from 0.1-0.5 ng/ml, except for NIV for which LLOQ of 3 ng/ml was

achieved due to its low extraction efficiency (Table 5.1). Overall, the LLOQs of our multi-
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mycotoxin method are similar or better than the LLOQs of both class-specific and multi-class
methods previously reported in literature, as shown in Table 5.1.

Finally, mean intra-day accuracy ranged from 85.8% to 116.4%, and intra-day precision
(n=6) ranged from 1.6% to 12.5% RSD for all mycotoxins except for a-ZOL for which mean
accuracy ranged from 72.9% to 97.2%. Inter-day accuracy and precision were 85.6% to 111.5%
and 2.7 to 15.6% RSD respectively. The method outperformed other multi-mycotoxin methods
available in literature in terms of successfully addressing absolute matrix effects. However, the
current routinely-used procedures to evaluate matrix effects may not detect all issues. Our more
extensive evaluation of different individual lots of human plasma showed gender-specific
differences in individual lots of plasma for some analytes of ZEN group. This issue was not
detected using pooled plasma lots using routine procedure, thus showing the critical importance of
more in-depth evaluation of matrix effects as part of method validation.

The LLE pentafluorophenyl LC-HRMS method did not perform well for fumonisin and
ochratoxin classes of mycotoxins due to low extraction recovery with ethyl acetate and
irreproducible retention time for fumonisins. To address this limitation, a second high-resolution
mass spectrometry method was developed using polarity-switching ESI on an Agilent QTOF 6545
coupled to ultra-high performance liquid chromatography with a Cortecs T3 Cis column. This
method was developed for 10 mycotoxins, including fumonisins (FB1 and FB2), ochratoxins
(OTA, CIT and OTa) and emerging mycotoxins (ENNA, ENNA1, ENNB, ENNBI and BEA).
The key advantage of the Cortecs T3 Cis column for this application was effective
chromatographic separation of all mycotoxins that allowed to use polarity-switching which
drastically reduced the LC analysis time and enabled accurate determination of 10 mycotoxins in
one analytical run. Method recoveries ranged from 86.6% to 127.7%. Matrix effects were in the
range of 69.3% to 167.8%, with only fumonisins, ENNB and ENNA matrix effects exceeding the
acceptable range of 80-120%. Method LLOQs were in the range of 0.3-4 ng/ml. Sub ng/ml LLOQs
were not obtained for all mycotoxins, therefore, further method modifications were required to
make the method relevant for biomonitoring analysis. This second method also used a universal
sample preparation technique, protein precipitation with methanol that made the method high-
throughput, cost and labor-effective.

The first multi-mycotoxin methods surpass current methods for accurate mycotoxin

quantification in human plasma based on their negligible matrix effects. The novelty of both
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methods is the successful application of high-resolution mass spectrometry that is still rare in
mycotoxin quantitative analysis for any complex matrices, including food and feed samples, but
especially for human and animal biofluid biomonitoring. High-resolution mass spectrometry has
key advantages over low resolution mass spectrometry. For example, it allows easily to add new
emerging mycotoxins or metabolites to the analytical method if they have similar physicochemical
properties and it is suitable for retrospective data analysis without the need to repeat the analysis.
It is a versatile tool that can be used and adopted for other applications, including metabolism
studies or toxicity studies.

Although the mycotoxin metabolism has been studied in detail in different species, these
efforts relied on many different analytical approaches. Standards for many of these metabolites are
also not commercially available. Furthermore, human metabolites of some mycotoxins, such as
FUS-X, NIV, a-ZOL, B-ZOL, ZAN, o-ZAL, B-ZOL, have not been studied in detail. To address
these limitations and to examine the capability of our validated biomonitoring method to be
expanded for the measurements of mycotoxin metabolites, human liver microsomal incubations
were performed on each individual mycotoxin of interest with focus on Phase | and
glucuronidation Phase Il metabolism using the first LC-HRMS method. Data-dependent
acquisition in combination with collision-induced dissociation or higher energy collisional
dissociation was used to ensure adequate fragmentation, which can further facilitate studies of
mycotoxin metabolite structures, including positional isomer characterization. The separation
capability of the PFP stationary phase enabled the detection and identification of several isomeric
compounds, such as hydroxyl metabolites of the ZEN group, T-2, HT-2, AFB1 and glucuronides
of ZEN group. In total, 188 metabolites were characterized and used to build the LC-MS library,
including 100 metabolites reported for the first time. This represents the most comprehensive LC-
MS library of human mycotoxin metabolites built to date and shows the capability of the developed

methods for further expansion to ensure exposure is not under-estimated.

5.2 Future work

The thesis successfully addressed some of the key limitations in mycotoxin biomonitoring by
providing a new set of workflows and an extensive LC-MS library to this field of research.

However, some future work remains to be done.
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Table 5.1. Comparison of LLOQs obtained in our method presented in Chapter 2 and published methods.

1

Human plasma

Our method Other published class-specific methods and multi-class methods
Mycotoxin class
LLOQ, ng/ml LLOQ, ng/ml Matrix Author
1 Human serum Santini et al. **
0.13-0.42 Human serum Chen et al. *°
0.05 (AFB1) Rat plasma Han et al. '>°
Aflatoxins: 1 Human serum Ritieni et al. '*
AFB1, AFB2, 0.1-0.2 0.03 (AFBI) Human serum De Santis et al. 1%’
AFGI1, and AFG2 2 (AFB1) Pig plasma Devreese et al. ™
0.05-0.125/0.02 — 0.125 Human serum/blood Osteresch et al. '3
0.25-0.43 Human plasma Cao et al. '¥
0.1-0.2 Human plasma Fan et al. %
1 and 2.5 Pig and chicken plasma De Baere et al. '
i 1-2 Pig plasma Sun et al. 15
Trichothecenes 0.05 (T-2) Rat plasma Han et al. '*°
type A: 0.2 . 75
T-2 and HT-2 2 and 5 Pig plasma Devreese et al.
0.1 and 5/ 1and 5 Human serum/blood Osteresch et al. '3
0.1-0.5 Human plasma Fanetal. %
0.1-1 and 1-2 Pig and chicken plasma Broekaert et al. 1!
Trichothecenes 1 and 1.25 (DON) Pig and .chicken plasma Bae.re et al. 15}2 2
type B: 3-AcDON, 0.45 (DON) Pig serum Brezmz} et al. o
0.2-03 1.4 (DON) Human serum De Santis et al.
15-AcDON and . 75
DON 10 (DON) Pig plasma Devreese et al.
1 (DON) Human serum/blood Osteresch et al. 13

Fan et al. %
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Our method Other published class-specific methods and multi-class methods
Mycotoxin class
LLOQ, ng/ml LLOQ, ng/ml Matrix Author
0.5-0.6 Horse plasma Songsermsakul et al. 15
0.08 -2.37 Pig serum Brezina et al. 1>
0.2-1/1-5 Pig and chicken plasma De Baere et al. 15
Zearalenone and ) 137
. . 0.1-0.5 1.6 Human serum De Santis et al.
its metabolites i .5
5 Pig plasma Devreese et al.
1 Human serum Osteresch et al. [7]
0.1-0.5 Human plasma Fan et al. %

First of all, LLOQs must be improved for the method presented in Chapter 4 by adding an enrichment step or a sample clean-up step as
a part of sample preparation procedure and/or or using other instruments such as a triple quadrupole mass spectrometer. In the future,
the second multi-mycotoxin method should be validated for human plasma samples. Then, these two multi-mycotoxin LC-MS methods
should be further adapted and validated for urine samples. It is important to have methods for both urine and plasma samples in order
to estimate accurately both long-term and short-term exposure for mycotoxins with different half-lives.

Currently, the mycotoxin metabolite LC-MS library is not completed yet for all possible mycotoxin metabolites. My metabolism
studies focused on the generation of Phase | metabolites and glucuronide metabolites of 17 mycotoxins, but the library can be expanded
to other Phase Il conjugated forms, such as sulfates and glutathione conjugates. In addition, the metabolites of fumonisins, ochratoxins
and emerging mycotoxins should also be generated and included into LC-MS library. This established library will be useful beyond
plasma biomonitoring, for biological matrices such as, urine, breast milk, feces and other matrices of interest, and can facilitate studies

on mycotoxin fate and exposure in long-term.

HRMS and good chromatographic separations have played a key role to characterize and identify mycotoxin metabolites.
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HRMS allows to perform simultaneous analysis of hundreds of metabolite species due to the
capability of full scan acquisition combined with fragmentation spectra that greatly facilitate
structural elucidation. In addition, as shown in this work, efficient chromatographic separations
enable the analysis of isomeric and isobaric compounds, in order to reduce the number of LC-MS
methods required for monitoring of mycotoxins and their metabolites. Currently, mycotoxin
metabolism studies are usually performed for a single mycotoxin so that different mass
spectrometers and columns have been used. For example, Phase | metabolites and glucuronides of
HT-2 and T-2 were generated by Yang et al. using Water QTOF coupled to UHPLC with Acquity
HSS T3 and Acquity BEH RP18 columns, respectively.1218 DON and its metabolites in human
urine were analyzed by Waters Quattro XEVO TQS mass spectrometer and UHPLC with Acquity
UPLC HSS T3 column.>* A 6500 QTrap mass spectrometer (Sciex) with UHPLC (Agilent) and

Kinetex Biphenyl column were used for the identification of ZEN group glucuronides.!”®

Protein precipitation <:| |:> 3-step LLE
100 pl Plasma 100 I
Quantification of 10 Quantification of 17
mycotoxins using LC- mycotoxins using LC-
HRMS method #2 HRMS method #1

Screening of mycotoxin metabolites using fully
characterized library of 188 mycotoxin
metabolites

¥

Assessment of mycotoxin exposure of Canadian
population

Figure 5.1. The workflow for LC-HRMS monitoring of 215 mycotoxins and their metabolites to
enable extensive exposure studies.
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In contrast my research showed that a single multi-class method for 17 mycotoxins can be
expanded for the first time to monitor 188 additional metabolites, thus making it more amenable
for large-scale population screening.

The two LC-MS methods developed in these studies require only 200 ul of plasma for
mycotoxin analysis, as shown in Figure 5.1. They can accurately measure exposure to 27
mycotoxins of interest but can also be used to screen for the presence of more than 188 metabolites
in large-scale exposure studies. These results will in turn allow the prioritization of which
metabolites should be included in routine mycotoxin monitoring and may further be validated as
biomarkers. Large-scale biomonitoring studies of Canadian population will address a critical gap
in our knowledge. In these studies, mycotoxin exposure can be evaluated in different sub-
population groups according to gender, age, geographical area and eating preferences. Finally,
prevalent mycotoxins and most frequently co-occurring mycotoxins can be identified in Canadian
blood samples, to prioritize the mycotoxin combinations to study for future long-term chronic
toxicity assessments. With this information additional toxicity studies examining the effect of low-
dose simultaneous exposure to multiple mycotoxins can be designed to best mimic the real-life
scenario. Human biomonitoring is an important tool for health risk assessment which should be
performed routinely and be used together with existing food regulations. In addition, this work fits
well within the broader field of exposomics and provides new highly-relevant mycotoxin

metabolite libraries to this research.

Assessment of

mycotoxin exposure of Prioritization of
Canadian population mycotoxin metabolites
that should be
included in routine
bi itori
Better understanding tomonttoring
of fate of mycotoxins Human
in humans biomonitoring
Minimization of
Examb R _ health ns:ks from the
health effects of mycotoxin exposure

chronic low-level
exposure to multiple
mycotoxins

Figure 5.2. Current and future research objectives to enable mycotoxin human biomonitoring.
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The first comprehensive mycotoxin data set will also allow to verify if the Canadian population is
protected by current mycotoxin regulations or whether additional more stringent measures are
required for any of the monitored mycotoxins. Figure 5.2 describes key research areas that are
facilitated by more powerful biomonitoring methods.

Climate change impact on the mycotoxin occurrence attracted significant attention in the
last decades. It can influence the presence and frequency of mycotoxin contamination, and food
security. Verheecke-Vaessen et al. showed that environmental factors, such as temperature,
affected Fusarium growth.?®® In this study, the examination of the temperatures (20°C, 25°C and
30°C) showed that T-2 and HT-2 production was higher at 20°C and 25°C than at 30°C.2% Moretti
et al. summarized and reported that climate change can effect on the growth of filamentous fungi,
such as Aspergillus, Fusarium and Penicillium which in turn are responsible for the production of
toxicologically important mycotoxins (aflatoxins, fumonisins, ochratoxins, trichothecenes, and
zearalenones).?®® For example, heat and drought regions usually experience greater aflatoxin
prevalence than cooler regions.?®® The occurrence of OTA increased at hot temperatures (around
30°C) and high humidity, while fumonisins prefer variable weather conditions when dry weather
is followed by warm and humid weather.?®” However, moderate warm weather favors production
of DON.?%® Paterson et al. also predicts that global warming may accelerate the growth of high
temperature species, such as Aspergillus flavus and mycotoxin, such as aflatoxins.?®’ Given that
climate fluctuations affect the occurrence of mycotoxins, and mycotoxins have preferred weather
conditions for their production, biomonitoring is necessary to ensure the protection of population

against the potential hazards of mycotoxins in a time of a changing climate.
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Supplementary Table Al. Monoisotopic masses of the most intense ions and retention times of all

mycotoxins and internal standards.

Theoretical

Mycotoxin in ESI(+) The most intense ion . ) RT, min
monoisotopic m/z

15-AcDON [M+Na]* 361.1258 5.46
AFG2 [M+H]* 331.0812 6.71
AFG1 [M+H]" 329.0656 7.14
AFB2 [M+H]* 315.0863 7.52
AFB1 [M+H]" 313.0707 8.07
HT-2 [M+NH4]* 442.2435 8.15
T-2 [M+Na]* 489.2095 12.19
3-AcDONd3 [M+Na]* 364.1446 5.61
OTA [M+H]* 404.0896 13.06
FB1 [M+H]" 722.3958 15.37
FB2 [M+H]* 706.4009 19.60
FB3 [M+H]" 706.4009 18.23
OTAds [M+H]* 409.1215 13.06

Mycotoxin in ESI(-) The most intense ion Th_eoreuf:al RT, min

monoisotopic m/z

NIV [M+CH3COO-H] 371.1348 1.90
DON [M+CH3COO-H] 355.1399 3.95
FUS-X [M+CH3COO-H] 413.1454 4.93
3-AcDON [M+CHsCOO-H] 397.1505 5.61
B-ZAL [M-HT 321.1707 12.01
B-ZOL [M-HT 319.1551 12.57
o-ZAL [M-H] 321.1707 13.09
a-ZOL [M-HT 319.1551 13.50
ZEN [M-H] 317.1394 13.81
ZAN [M-HT 319.1551 13.88
3-AcDONd3 [M+CH3sCOO-H] 400.1692 5.62
13C-ZEN [M-H] 335.1993 13.80
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Supplementary Table A2. Inter-day accuracy and precision for mycotoxins detected in ESI(+) and ESI(-). Determination was performed

using 0.2, 0.3, 0.5, 1, 3 and 10 ng/ml (n=6 days), except for NIV. all NIV concentration levels were 3x the stated concentrations. Only

results above LLOQ are shown. Standard curve in plasma in the range of LLOQ to 10 ng/ml, except for NIV (LLOQ to 30 ng/ml), was
repared to analyze validation samples. *Analyte does not meet FDA requirements.

ESI(+) and ESI(-), Inter-day accuracy and precision

0.2 ng/ml 0.3 ng/ml 0.5 ng/mi 1 ng/ml 3 ng/ml 10 ng/ml
Mycotoxins | Accuracy | RSD | Accuracy | RSD | Accuracy | RSD | Accuracy | RSD | Accuracy | RSD | Accuracy | RS
(%) % (%) % (%) % (%) % (%) % (%) D%
15-AcDON N/A N/A 96.8 111 97.2 5.3 99.2 6.8 108.0 9.7 101.6 2.8
AFG2 N/A N/A 92.7 10.1 96.4 7.4 98.2 11.3 109.8 8.4 102.1 51
AFG1 N/A N/A 96.3 145 97.9 9.1 99.0 13.9 111.5 8.4 104.1 55
AFB1 85.5 11.6 92.6 11.3 91.1 6.6 94.3 11.2 103.6 10.6 97.8 8.1
AFB2 N/A N/A 86.5 6.6 86.1 7.9 88.8 7.5 100.5 10.2 97.4 4.6
HT-2 N/A N/A 88.5 15.6* 87.5 5.2 92.7 9.0 98.8 6.9 94.9 4.6
T-2 N/A N/A 90.7 8.6 91.9 5.3 90.2 9.7 102.4 7.2 100.9 5.8
B-ZAL 95.0 12.2 914 10.9 89.0 51 88.9 6.7 95.3 9.1 96.6 4.4
FUS-X N/A N/A 94.2 11.2 96.7 5.2 93.6 5.9 98.1 7.5 98.8 59
3-AcDON N/A N/A 93.2 13.3 98.9 8.3 96.8 9.1 99.8 12.4 97.5 55
B-ZOL N/A N/A 90.4 14.0 86.1 4.1 90.8 6.3 93.0 8.7 97.5 2.7
a-ZAL N/A N/A 90.3 13.3 90.3 6.9 92.2 8.0 94.3 6.3 97.1 5.2
DON N/A N/A N/A N/A 99.4 8.0 96.0 11.6 97.0 10.2 96.4 6.9
a-ZOL N/A N/A N/A N/A N/A N/A 934 18.9* 91.3 10.1 98.5 3.6
ZEN N/A N/A N/A N/A N/A N/A 88.9 12.0 87.5 8.3 99.3 7.7
ZAN N/A N/A N/A N/A N/A N/A 84.7 12.7 94.4 9.9 101.0 8.1
NIV N/A N/A N/A N/A N/A N/A N/A N/A 101.1 8.3 100.0 10.1
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Supplementary Figure Al. The comparison of the process efficiencies (PE%) for the mycotoxins in human plasma using different sample
preparation techniques. PE% = Cm/Cin*100%, Cm is the measured concentration in the injection solvent and Ciw is theoretical
concentration in injection solvent) using three SPEs sorbents, such as Oasis HLB SPE, Mix mode and SAX. Plasma (n = 3) was spiked
pre-extraction with 20 ng/ml of mycotoxins SPEs and analyzed against standard curve prepared in reconstitution solvent (20%
methanol). f-ZAL and a-ZAL standards were not available at the time experiment was performed. The results show mean values while
error bars show standard deviation of three replicate determinations.
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Sample preparation methods

| Protein LLE SPE L
precipitation

L Trichloroacetic acid SAX SPE + |

(17%) evaporation/reconstitution
Three-step LLE + (C18 + SAX SPE) + L]

acidification at third LLE evaporation/reconstitution

I
Four-step LLE with salt
and acidification HLB SPE + 5x dilution .
236

SAX SPE + 5x dilution —

(C18 + SAX SPE) + 5x
dilution

Supplementary Figure A2. Overview of sample preparation methods tested during method development. Dark gray boxes represent
methods described in Section 2.2.3 in the main text with section numbers specified below. Light gray boxes represent methods that were
also evaluated during initial method development that were not included for the final optimization.
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Supplementary Figure A3. Chromatographic separation of all mycotoxins obtained using
optimized PFP LC method using (a) ESI(+) and (b) ESI(-). The results are shown for 10 ng/mL
mycotoxin standard in 20% methanol. Mycotoxins are shown in the ESI mode where maximum
signal intensity was obtained, which is the same mode used for mycotoxin quantitation. OTA, FB1
and FB2 had retention times of 13.06 min, 15.37 min and 19.60 min, respectively using this
method, but are omitted since they were not included in the final validated method.
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Supplementary Figure A4. Extracted ion chromatograms of all mycotoxins obtained using
optimized PFP LC method using (a) ESI(+) and (b) ESI(-). The results are shown for human
plasma samples spiked with mycotoxins at LLOQ levels, ranging from 0.1 ng/mL to 3 ng/mL as
indicated in heading. Mycotoxins are shown in the ESI mode where maximum signal intensity was
obtained, which is the same mode used for mycotoxin quantitation.
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Supplementary Figure A5. Retention time stability of a-ZOL, ZAN, and ZEN on F5 (a) and PFP
(b) columns over long analytical run. Retention times are shown for on F5 and PFP columns.
RSD% of retention time for a-ZOL, ZAN, and ZEN on F5 and PFP columns, respectively, 1.2 and
0.2; 2.4 and 0.2; 2.2 and 0.2. Retention time of ZEN, a-ZOL and ZAN systematically decreases
over long analytical batch and results in co-elution of a-ZOL and ZAN on F5 column. On PFP,
their retention times are stable, and no loss of chromatographic resolution is observed. Details
for PFP separation are given in main text. For F5 separation, the same mobile phase composition
was used with the following gradient: 5% B for the first 1.0 min, increase to 53% B from 1.0 min
to 2.0 min, increase to 56% from 2 to 18 min, from 18.00 to 18.10 min increase to 95%, keep
isocratic conditions at 95% B for 4.9 min, and finally re-equilibrate the column at 5% B for 6 min.
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Supplementary Figure A6. Effect of different additives, formic (0.1% v/v) and acetic acid (0.1%
v/v) in mobile phase, on signal intensity of mycotoxins in ESI(+) and ESI(-). The signal intensity
(expressed as peak area) of mycotoxins obtained with 0.1% acetic acid was normalized to the
signal intensity obtained with 0.1% formic acid in mobile phase. The results are shown for 100

ng/mL mycotoxin standard (n=3). FUS-X, a-ZAL, and p-ZOL are not included because their
standards were not available at the time of this experiment.
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Supplementary Figure A7. Effect of acetic acid concentration on signal intensity of 100 ng/mL
mycotoxin standard (n=3) in ESI(-) mode. The signal intensity (expressed as peak area) of
mycotoxins observed using 0.02% (v/v) acetic acid was normalized to the signal intensity obtained
using 0.1% (v/v) acetic acid concentration in mobile phase. The results are shown only for
mycotoxins that ionize better in ESI(-).
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Supplementary Figure A8. Effect of sample pH (a) and solvent selection (b) on the process
efficiency of mycotoxins using LLE. Effect of plasma acidification using 1% FA (pH 4) on one
step-LLE with ethyl acetate (a). Comparison of extraction efficiency of ethyl acetate and methyl
tert-butyl ether (MTBE) using one-step LLE on plasma previously acidified with 1% FA (pH 4)
(b). Process efficiency results are shown for plasma samples spiked with 400 ng/mL mycotoxin
concentration before extraction (n=3) and analyzed against standard curve prepared in solvent
(20% MeOH).
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extraction (n=3) and analysed against standard curve prepared in solvent (20% MeOH).
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Supplementary Figure A10. Effect of salting out and acidification on the process efficiency of
mycotoxins using multi-step LLE with ethyl acetate. Results are shown for plasma samples spiked
with 400 ng/mL mycotoxin (n=3) before extraction and analysed against standard curve in solvent
(20% MeOH). il - pre-spiked plasma was acidified with 20 pl of FA (pH 2) and then two-step
LLE with ethyl acetate was performed (2x150 ul); Al - three-step LLE without acidification or
salting out; A - two-step LLE (2x150 pl of ethyl acetate) with pre-spiked plasma, then 40 pl of
FA (pH 2) was added followed by LLE (1x 150 pl of ethyl acetate); M- two-step LLE was done
with pre-spiked plasma, then MgSO4 was added with followed by LLE (1x 150 pl of ethyl acetate),
and finally acid was added followed by fourth step of LLE (1x 150 pl of ethyl acetate).
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Supplementary Figure A11. Investigation of absolute mycotoxin recovery in plasma samples using
ESI(+) (a) and ESI(-) (b). Plasma was spiked with mycotoxin mixture at three concentration levels:
0.5 ng/ml, 3 ng/ml, and 8 ng/ml (n=3), except **NIV for which levels were 3x, and processed using
three-step LLE with ethyl acetate. The samples were analyzed against standard curve prepared in
post-extraction spiked plasma in the range of LLOQ to 10 ng/ml for all mycotoxins except for NIV
where 3x range (LLOQ to 30 ng/ml) was used.
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Supplementary Figure A12. Intra-day accuracy and precision for mycotoxins detected in ESI(+)
(a) and ESI(-) (b). Y-axis shows mean accuracy (n=6), and error bars show standard deviation of
the measurement. Determination was performed using 0.2, 0.3, 0.5, 1, 3 and 10 ng/ml (n=6),
except for NIV. **All NIV concentration levels were 3x the stated concentrations. Only results
above LLOQ are shown. Standard curve in plasma in the range of LLOQ to 10 ng/ml, except for
NIV (LLOQ to 30 ng/ml), was prepared to analyze validation samples.
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Supplementary Figure A13. Effect of using two internal standards. Internal standard #1 — 3C-
ZEN and internal standard #2 — 3-AcDONds, on compensating for matrix effects in 10 individual
plasma samples using ESI(-). Individual plasma samples were spiked post-extraction at 0.3 ng/ml
for 3-ACDON, FUS-X, -ZAN, B-ZOL, a-ZAN, 1.5 ng/ml for DON, a-ZOL, ZEN, ZAN and 9 ng/ml
for NIV. The area of post-extraction spiked individual plasma was compared to the area of the
standard solution prepared in 20% MeOH, after correction with the stated internal standard, in
order to determine absolute matrix effect. Green lines show the acceptance criteria for no
significant matrix effects, 80-120%.
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samples, abbreviation — 3 h and 6 h. Stability was evaluated at two concentrations, 0.5 ng/ml
(n=3) and 3 ng/ml (n=3), except **NIV for which the level was 9 ng/ml. Fresh calibration curve
in plasma was prepared with the reference samples, abbreviation — 0 h (n=3) to analyse 3 hour
and 6 hour bench stability of plasma samples. *The student's t-test was performed to compare
stability condition against appropriate O h sample: * denotes statistically significant result AFG2
(3 h 0.5 ng/ml, p value = 0.0005), AFG2 (6 h 0.5 ng/ml, p value = 1.5x10°%), AFG2 (3 h 3 ng/ml,
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m/z interference with a-ZOL. This occurred during analysis of 0.5 ng/mL o-ZOL samples, and
changing the column resolved the problem as shown in Figure A13 for 96 hour stability.
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Supplementary Figure A15. Evaluation of mycotoxin stability in autosampler in ESI(+) (a) and
ESI(-) (b). Stability was evaluated at two concentrations, 0.5 and 3 ng/ml (n=3), except **NIV
for which the level was 9 ng/ml. Samples were prepared with calibration curve in plasma and
analysed on the same day (0 h, flfand A). Then, samples were kept for 4 days in autosampler at
4°C and re-analysed on fourth day (96 h, flfand/ ) against a freshly-made calibration curve in
plasma. *The student's t-test was performed to compare 96 h stability against 0 h: * denotes
statistically significant result DON (96 h 0.5 ng/ml, p value = 0.002). Column aging eventually
causes complete co-elution of 277.1447 m/z interference with a-ZOL. This occurred during O h
stability run so a-ZOL could not be properly quantitated due to severe suppression. Changing the
column for 96 h run, allowed the quantification of a-ZOL.
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Supplementary Table B1. Microsomal incubation protocol for Phase | and Il reactions. *Heated microsomes at T 45°C for 30 min.

Phase I reaction
Sample Mycotoxin volume, Microsome volume, NADPH volume, pL PBS buffer volume,
type pL pL puL
Test 1 5 12 182
Control 1 0 5 12 182
Control 2 1 5 0 194
Control 3 1 5* 12 182
Control 4 1 0 0 199
Phase Il reaction
. . NADPH UDPGA . PBS
Sample Mycotoxin | Microsome | | Alamethecin MgCl> buffer
type volume, uL | volume, pL vollme, volume, volume, uL | volume, pL | volume,
uL uL "
Test 1 5 12 10 1 10 183
Control 5 0 5 12 10 1 10 184
Control 6 1 5 0 10 1 10 195
Control 7 1 5* 12 10 1 10 183
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Supplementary Table B2. T-2 and its metabolites generated in Phase | and Phase 1l. They detected in ESI(+), as CID product ion spectra
of [M+Na]*, unless otherwise specified fragments with intensity >10% are shown in the table, *fragmentation pattern are shown for
[M+NHa4]*ions.

T-2 Phase I metabolites
Name II;;I;; Meﬁf/l;red Thez:‘/eztlcal ppm Frailﬁsnts, Formula Transformation Comments
245.2(10),
T2 | 1223 | 489.2092 4892095 | 0.61 | 327.2(37), C,,H,,0, parent
387.2(100)
Non
Peak 1- 285.2(21), C. H..O enzymatic,
g | 793 | 447.1988 471989 | 022 | L o0 2H;,04 -(C2H20) 15 deacetyl-
T-2
Non
Pfj‘f' 822 | 447.1986 | 447.1989 | 0.67 3255522((1283) C,,H,,04 L(C2H0) enzymatic,
' HT-2
2’-OH-T-2 or
Pesaé‘sl' 6.54 | 505.2042 505.2044 | 0.40 ;827722((1233) C,,H;,0,, +O) 3’-OH-T-2 or
' 4-0H-T-2
2’-OH-T-2 or
Pesaé‘sz' 660 | 5052041 | 5052044 | 0.59 357722((123())) C,4H,,0,, +0) 3°-OH-T-2 or
' 4-OH-T-2
2’-OH-T-2 or
Pesaé‘53' 6.81 | 5052043 505.2044 | 0.20 ;82775((1183) C,,H,,0,, +O0) 3’-OH-T-2 or
' 4’-OH-T-2
Peak 1. 285.1(16), 3 or 4’-
o3 | 568 | 463.1936 463.1939 | 0.65 | 345.2(100), C,,H,,0, (C2H2) Hydroxy-HT-
446.0(12) 2
Peak 2- CHO 3'or4’-
63 | 576 | 463.1938 463.1939 | 022 | 345.43(100) 2»H3,0, -(C2H2) Hydroxy-HT-
2
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Name RT’ Measured Theoretical ppm Fragments, Formula Transformation Comments
min m/z m/z CID
PTé(;_ 5.94 463.1938 463.1939 0.22 No MS2 C,,H;,0, -(C2H2) 2’-OH-T-2
Low
Peak 4- intensity,
463 6.12 463.1937 463.1939 0.43 No MS2 C,,H;,0, -(C2H>) 7-OH-HT-2
10-OH-HT-2
16-OH-HT-2
301.2(21), 7-OH-HT-2
Peak 5- 361.2(100), or
6.21 463.1936 463.1939 0.65 381.0(20), C,,H;,0, -(C2H>) 10-OH-HT-2
463
434.0(10), or
446.0(26) 16-OH-HT-2
Low
Peak 1- intensity,
405 6.55 405.1881 405.1884 0.74 No MS2 C,oH,404 -(CsHs0) NEO or}%-
triol
T-2 Phase II metabolites
Name RT’ Measured Theoretical ppm Fragments, Formula Transformation Comments
min m/z m/z CID
G,ll,tlzc ) 8.88 665.2413 665.2416 0.43 489.2 100 C30H42015 +(CsHsOgs)
263.2(13)
425.2(6)
443.0(35)
ngu_cz- 6.91 623.2304 623.2310 0.96 499.2(3) C28H40014 +(C4HeOs) llljcj;rzc)i de
601.0(100)* &
and
447.5(100)
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Supplementary Table B3. HT-2 and its metabolites, detected in ESI(+), as [M+Na]* ions. Unless otherwise specified fragments with
intensity >10% are shown in the table. * Intensities of fragments are more than 40% shown only; ** fragments with intensity >19% are
shown.

HT-2 Phase I metabolites
Name Il:lrl’l Mezf/l;red The;:fztlcal ppm Fragments, CID Formula | Transformation | Comments
3°oré4’-
Peak 1-
T 567 | 4631936 | 4631939 | 065 3255552((1183) CyoHiy0, +0) Hydroxy-
) HT-2
3“or4’-
Peak 2-
T 577 | 4631036 | 4631939 | 0.6 32555 22((118‘3) CyoHy,0, +0) Hydroxy-
) HT-2
285.3(19),
345.2(100),
431.2(19),
Peak 3- 445.2(79) Low
’ C,,H;,0
463 5.95 463.1936 463.1939 0.65 446.1035), 213,09 +(0) intensity
454.4(20),
457.4(25),
463.2(32)**
Peak 4- 301.1(31),
463 6.11 463.1936 463.1939 0.65 361.2(100), C,,H;,04 +(0)
445.2(15)
Peak 5- 301.2(24), C.. H..O n
463 6.21 463.1936 463.1939 0.65 361.2(100) 20H3,0, (O)
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Name

RT,
min

Measured
m/z

Theoretical
m/z

ppm

Fragments, CID

Formula

Transformation

Comments

Peak 6-
463

8.23

463.1936

463.1939

0.65

301.2(30),
345.3(11),
361.2(100),
403.2(85),

421.2(17),

445.2(17)

C22H32O9

+O)

Low
intensity
peak

Peak 1-
405

5.44

405.1880

405.1884

0.99

303.2(100),
323.1(17),
325.3 (59),
345.2(19),
360.5(10),
387.2(42),
395.4(14),
396.1(19),
396.8(11)

C2OH3OO7

-(C2H20)

Low
intensity
peak

Peak 2-
405

6.55

405.1880

405.1884

0.99

303.2(100),
323.1(36),
345.1(27),
361.2(10),
373.4(19),
387.2(36),
395.6(26),
396.5(23),
404.9(12)

C20H3OO7

-(C2H20)

Low
intensity
peak

Peak 1-
363

3.58

363.1413

363.1414

0.28

303.1(100),
345.2(11)

C17I_I24O7

-(CsHs0)

4-de-Ac-
NEO
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RT,

Measured

Theoretical

Name . ppm Fragments, CID Formula | Transformation | Comments
min m/z m/z
Peak 2- 305.3(100), C..H..O i
363 4.87 363.1413 363.1414 0.28 3632(37) 1741247 (C5H80)
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Supplementary Table B4. Metabolites of 3-AcDON generated in Phase | and Phase 1l. The metabolites detected in ESI(-), as [M+CHsCOO-
H]- ions, except for Gluc-3-AcDON which was detected as [M-H]" ion. Unless otherwise specified fragments with intensity >10% are

shown in the table.

3-AcDON Phase I and II metabolites

Name

RT,
min

Measured
m/z

Theoretical
m/z

ppm

Fragments, CID

Formula

Transformation

Comments

3-
AcDON

5.67

397.1497

397.1505

2.01

307.2(12),
337.2(100)

C17H2207

parent

DON

3.96

355.1394

355.1399

1.41

265.1(19),
295.1(100)

C15H20056

-(C2H20)

Non-
enzymatic

Peak 1-
339

4.24

339.1448

339.1449

0.29

No MS2

C15H2005

-(C2H202)

Non-
enzymatic

Gluc-3-
AcDON

5.13

513.1613

513.1613

175.0(35),
191.0(26),
193.0(69),
203.1(15),
217.0(11),
229.1(10),
247.1(29),
265.2(14),
289.2(10),
307.2(100),
337.2(14),
453.1(65),
471.1(62),
495.1(66)

C23H30013

+(CsHsOs)

Gluc-3-
AcDON

204




Supplementary Table B5. Metabolites of 15-AcDON generated in Phase | and Phase Il. Metabolites detected in ESI(+), as [M+Na]*
ions of 15-AcDON and Gluc-15-AcDON, except for DON which was detected as [M+H]* ion. Unless otherwise specified fragments

with intensity >10% are shown in the table.

15-AcDON Phase | and Il metabolites

Name

RT,
min

Measured
m/z

Theoretical
m/z

ppm

Fragments, CID

Formula

Transformation

Comments

15-
AcDON

5.57

361.1258

361.1258

158.1(32),
159.2(90),
165.1(15),
167.1(14),
217.2(31),
283.2(10),
289.0(15),
301.1(100),
311.3(11),
325.4(19),
329.3(38),
343.3(82),
344.4(24)

C17H2207

parent

DON

3.96

297.1330

297.1333

1.01

NO MS2

C17H120s8

-(C2H20)

Non-
enzymatic

Gluc-15-
AcDON

5.20

537.1575

537.1579

0.74

361.47(100)

C23H30013

+(CsHsOs)
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Supplementary Table B6. Metabolites of DON generated in Phase | and Phase I1. Metabolites detected in ESI(-), as [M+CH3COO-H]~
ions, except for Gluc-DON which was detected as [M-H]" ion. Unless otherwise specified fragments with intensity >10% are shown in

the table.
DON Phase | and Il metabolites
Name RT’ Measured | Theoretical ppm Fragments, CID Formula | Transformation | Comments
min m/z m/z
DON 3.96 | 355.1393 355.1399 1.67 265.1(21), 295.1(100) C15H2006 parent
Non-
NIV 1.97 | 371.1348 371.1348 0 304.4(100) C15H2007 +(0) enzymatic
peak 1- Non-
339 4.11 | 339.1449 339.1449 0 249.1(13), 279.1(100) C15H2005 -(0) enzymatic,
DOM-1
231.2(14), 249.1(100), Non-
Peak 2- 256.9(65), 261.2(14), enzymatic,
339 4.69 | 339.1449 339.1449 0 279.1(55). 321.2(24). C15H200s5 -(0) DOM-1
329.6(13) isomer
Non-
enzymatic,
Peak 3- . LOW
339 5.08 | 339.1448 339.1449 0.29 No MS2 C15H200s -(0) intensity
peak,
DOM-1
isomer
Non-
Peak 4- 163.1(11), 231.1(13), enzymatic,
339 5.33 | 339.1449 339.1449 0 249.4(100) C15H200s -(0) DOM-1
isomer
193.0(84), 265.1(50) Peaks are
Gluc- 300.15(86), 341.11(69) nor
DON 3.48 | 471.1508 471.1508 0 389.0(72), 410.9(81) C21H28012 +(CsHsOs) resolved, 3
Peak 1 441.1(72), 443.9(77) -Gluc-
453.0(100)* DON
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RT,

Measured

Theoretical

Name . ppm Fragments, CID Formula Transformation | Comments
min m/z m/z
193.1(12), 265.2(15)
ol 300.1(40), 322.8(17) Peankosrare
DON 3.48 | 471.1508 471.1508 0 323.5(33), 341.2(25) C21H28012 +(CsHsOs) resolved,
Peak 2 389.0(16), 422.7(100) 15-Gluc-
423.6(14), 441.3(16) DON

453.1(29), 461.8(16)
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Supplementary Table B7. Metabolites of FUS-X generated in Phase | and Phase 1. Metabolites detected in ESI(-), as [M+CH3COO-
H]~ ions, except for Gluc-FUS-X which was detected as [M-H] ion. Unless otherwise specified fragments with intensity >10% are
shown in the table.

FUS-X Phase I and II metabolites

RT, Measured Theoretical

. ppm | Fragments, CID Formula Transformation Comments
min m/z m/z

Name

FUS-X | 4.93 413.1448 413.1454 1.33 353.3(100) C,,H,,0q4 parent

NIV | 197 | 371.1347 371.1348 | 0.27 | 304.3(100.0) C,sH,,0; -(C2H20) enzNy(r)Trllzgltic

245.1(12),
426.1(34),
448.1(20),
F%‘S”X 462 | 529.1561 529.1563 | 0.38 44679(;_11((12000)): Cy3H304, +(CsHzOg)
487.2(34),
499.1(10),
510.8(20)
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Supplementary Table B8. Metabolites of NIV generated in Phase | and Phase Il. Metabolites detected in ESI(-), as [M+CHsCOO-H]" ions,
except for Gluc-NIV which was detected as [M-H]" ion. Unless otherwise specified fragments with intensity >10% are shown in the
table.

NIV Phase I and II metabolites
Name RT’ Measured | Theoretical ppm | Fragments, CID Formula Transformation Comments
min m/z m/z
NIV 1.97 371.1343 371.1348 1.35 304.33(100.0) C,sH,,0; -(C2H20)
217.07(44), Non-
Peak 1-1 5 s | 3551396 355.1398 | 0.56 263.12(33), C15H2006 (0) enzymatic,
355 273(11), DNIV
295.09(100)
Peak 2- Non-
2.96 355.1396 355.1398 0.56 No MS2 Ci5H2006 -(0) enzymatic,
355 .
DNIV isomer
Peak 3- Non-
4.28 355.1396 355.1398 0.56 No MS2 C15H2006 -(O) enzymatic,
355 .
DNIV isomer
(1}\11}1\(; 129 | 487.1458 487.1457 | 0.18 NO MS2 C21H28013 +(C6Hs0s)
352.94(100),
Glue- 404.86(83),
N[y | 156 | 487.1456 487.1457 0.23 418.91(56), C21H28013 +(CeHsO6)
426.87(96),
468.96(60)
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Supplementary Table B9. AFB1 and its metabolites of Phase | reactions. Metabolites detected in ESI(+), as [M+H]* ions and *

[M+Na]*ions for AFL. Unless otherwise specified fragments with intensity >10% are shown in the table.

AFB1 Phase | metabolites

Name

RT, min

Measured
m/z

Theoretical
m/z

ppm

Fragments, HCD

Formula

Transformation

Comments

AFB1

8.10

313.0707

313.0707

285.0756(15),
313.0703(100)

C17H120s6

N/A

Parent

Peak
1-329

5.03

329.0655

329.0661

1.8

206.0571(19),
283.0597(11),
301.0703(16),
311.0547(22),
329.0649(100)

C17H1207

+(O)

AFBO

Peak
2-329

6.32

329.0655

329.0661

1.8

259.0600(20),
273.0757(45),
301.0704(29),
311.0548(12),
329.0651(100)

C17H1207

+(0)

AFM1

Peak
1-347

5.63

347.0760

347.0761

0.23

259.0598(13),
273.0755(78),
283.0597(38),
287.0546(14),
289.0703(26),
301.0701(98),
311.0546(21),
329.0650(100),
347.0546(25)

C17H140s

+(H2)+(02)

AFB1-
diol/isomers

Name

RT, min

Measured
m/z

Theoretical
m/z

ppm

Fragments, HCD

Formula

Transformation

Comments
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273.0757(18),

283.0599(83),
287.0548(18), )
2P%31k7 599 | 3470761 | 3470761 | 0 | 30LO0705(79), | CuHuOs | +(H)HO) | g hron

311.0549(10),

329.0653(100),

347.0759(11)
Deak 271.0605(41), Low
o0 | 705 299.0549 | 299.0550 | 0.3 | 299.0435(11) | CisH100s -(CH2) st
299.0554(100) y

Peak 271.0602(11),
ro09 | 731 2090549 | 299.0550 | 03 | Sooicrco | CisioOs -(CH2) AFP1
Peak AFL
Laay | 766 337.0682 | 337.0682* | 0 No MS2 C17H1406 +(H2) isomer, low
intensity
2P%%k7 8.60 337.0682 | 337.0682* | 0 No MS2 C17H1406 +(Hz2) AFL

219.0651(10),

229.0858(10),
243.0651(42), The rest
Peak 257.0807(33), peak are
Laz | 545 331.0812 | 3310812 | 0 271.0600(16) | CHOT | +(H)HO) iy
285.0757(71), enzymatic

287.0912(12),

313.0705(100)
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Supplementary Table B10. AFB2 and its metabolites of Phase | reactions. Metabolites detected in ESI(+), as [M+H]* ions. Unless

otherwise specified fragments with intensity >10% are shown in the table.

AFB2 Phase | metabolites
Name RT' Measured | Theoretical ppm Fragments, Formula Transformation Comments
min m/z m/z CID
250.1(24),
273.1(11),
AFB2 | 753 | 3150864 | 3150863 | 0.32 228875_'22((11003)'7 C17H106 parent
288.2(12),
297.1(44)
Low
Peak 1- intensity
200 477 | 3310811 | 331.0813 0.60 NoMS2 | CiHuOr +(0) peak, non-
enzymatic,
AFM2
191.0(20),
273.1(17), Nor
Peak2- | 597 | 3310812 | 3310813 | 030 | 22119 | oo +0) enzymatic,
329 303.1(31), A2
313.1(100),
314.1(17)
285.1(14), Non.
Pe§2‘<93' 673 | 331.0812 331.0813 0.30 331033'12(27)' C17H1407 +(0) enzymatic,
1(100), AB2A
314.1(17)

212




Supplementary Table B11. AFG1 and its metabolite (OH-AFG1). Metabolites detected in ESI(+), as [M+H]* ions. Unless otherwise
specified fragments with intensity >10% are shown in the table.

AFG1 Phase | metabolites

Name

RT,
min

Measured
m/z

Theoretica
I m/z

ppm

Fragments, CID

Formula

Transformation

Comments

AFG1

7.08

329.0656

329.0656

243.1(11),
283.1(10),
301.2(20),
311.1(100),
312.1(10)

C17H1207

N/A

Peak 1-
345

5.89

345.0604

345.0605

0.3

273.2(19),
275.1(15),
289.2(36),
299.1(11),
303.2(22),
317.2(100)

Ci17H120s

+(O)

AFGM1
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Supplementary Table B12. AFG2 and its metabolites of Phase | reactions. Metabolites detected in ESI(+), as [M+H]* ions. Unless

otherwise specified fragments with intensity >10% are shown in the table.

AFG2 Phase | metabolites
Name RT’ Measured | Theoretical ppm Fragments, Formula Transformation Comments
min m/z m/z CID
AFG2 | 673 | 3310814 | 3310813 | 0.30 gfgj((llgg) C17H1407 parent
Low
Pesa;l 547 | 347.0760 | 347.0761 | 0.29 NoMS2 | Ci7HuOs +0) p':atﬁ”f]g{]
enzymatic
Low
Pesajf 555 | 347.0760 | 347.0761 | 0.29 NoMS2 | Ci7H1Os +0) p':atﬁ”f]g{]
enzymatic
Low
Peak 3- intensity
i 567 | 347.0760 | 347.0761 | 0.29 NoMS2 | CirH14Os +0) peak, non-
enzymatic,
AFGM?2
Low
Peak 4- intensity
347 5.87 347.0760 347.0761 0.29 No MS2 C17H140s +(0) peak, non-
enzymatlc,
AFG2A
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Supplementary Table B13. Metabolites of ZEN generated in Phase | and Phase 1. Metabolites detected in ESI(-), as [M-H]~ ions. Unless
otherwise specified fragments with intensity >10% are shown in the table.

ZEN Phase I metabolites
Name RT’ M-H M_H. ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical ’
ZEN- 149.1(10), 175.1(10),
main 13.52 | 317.1394 | 317.1394 0 273.5(100), 299.4(80) CisH2205 parent
ZEN- 149.1(22), 161.1(10),
MINO | 13.15 | 317.1394 | 317.1394 0 175.1(15), 203.1(30), Ci1sH2205 N/A isomer
R 273.2(90), 299.2(100)
275.2(100), 287.8(10), +
B-ZOL | 12.30 | 319.1547 | 319.1545 | 0.6 209.1(25). 301.1(70) C18H240s (H2)
ZAN | 1327 | 3191544 | 3191545 | 03 | 203:1(10),275.4(100), | (o by o +(H2)
301.1(20)
0-ZOL | 13.48 | 319.1550 | 319.1545 1.6 No ms2 C18H2405 +(H2)
13-OH-
Peak 1- 202.1(40), 287.2(80),
331 8.69 331.1186 331.1182 1.2 303.1(100), 312.2(60) Ci18H200s -(H2)+(O) ZEN-
quinone
211.0(30), 253.0(50),
Pe3"‘3ksl' 7.53 | 335.1500 | 335.1495 | 1.5 | 291.2(100),315.0(70), | CisH2:Os +(H2)+(0) 8'&?&“
317.1(100)
Peak 2- 13-OH-a-
335 12.23 | 335.1496 | 335.1495 0.3 No ms2 Ci8H2406 +(H2)+(0) 70L
a or B-OH-
Peak 1- 289.1(80), 305.2(100),
333 8.11 333.1342 | 333.1338 1.2 315.1(40) C18H220¢ +(0) ZQL-
quinone
a or B-OH-
Peak 2- 288.2(70), 289.2(100),
333 8.71 333.1340 | 333.1338 0.6 304.2(90), 315.1(30) Ci1sH220¢6 +(0) qﬁi(rjll(;r-le
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RT,

M-H

M-H

Name . . ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
Peak 3- 2 or 3-OH-
333 8.87 333.1341 333.1338 0.9 No ms2 C18H220¢ +(0) ZEN
Peak 4- 250.1(20), 289.1(100), 6 or 8-OH-
1.2
333 9.38 333.1342 | 333.1338 315.1(80) Ci8H2206 +(0) ZEN
Peak 5- 216.1(15), 289.2(100), 6 or 8-OH-
0.9
333 10.96 | 333.1341 | 333.1338 314.3(60), 315.2(60) Ci8H2206 +(0) ZEN
4-OH-ZEN
Peak 6- 191.0(60), 289.2(90), or 5-OH-
0.9
333 11.52 | 333.1341 333.1338 314.3(100), 315.2(90) C18H220¢6 +(O) ZEN or 9-
OH-ZEN
Peak 7-\ 1520 | 3331342 | 3331338 | 12 | 289.3(20),315.5(100) | CisHzOs +0) 10-OH-
333 ZEN
Peak 8- 175.1(15), 203.1(30), 15-
0.6
333 12.51 333.134 333.1338 289.2(50). 315.4(100) C18H220¢ +(O) OHZEN
Peak 9- 13-OH-
333 12.62 | 333.1342 333.1338 1.2 No ms2 C18H220¢ +(0) Z7EN
ZEN Phase II metabolites
M-H M-H
Name RT’ ) ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
175.0(15), 317.2(100),
Peak - 5.82 493.1714 | 493.1710 0.8 410.9(10), 449.2(31), C24H300mn1 +(CeHsOe) 16-Gluc-
493 ZEN
475.0(11)
Pe;aé<32- 7.20 493.1714 | 493.1710 0.8 175.0(20), 317.2(100) C24H30011 +(CsHsOg¢) 14;;30_
174.9(20), 316.3(15),
Peak 3- 317.2(100), 411.0(25), Shallow
493 12.22 | 493.1714 | 493.1710 0.8 433.0(14), 473.0(15). C24H30011 +(CsHsOs) peak

474.3(17), 475.1(17)
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RT M-H M-H
Name . . ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
175.1(20), 319.2(100),
397.0(10), 413.11(90),
413.9(10), 433.2(10),
Peak 1- 434.9(46), 440.1(12), 16-Gluc-B-
495 5.57 495.1869 | 495.1866 0.6 463.1(18). 473.6(16%, C24H32011 +(CsH1006) 70L p
477.1(58), 478.0(26),
479.0(10,) 485.8(38),
486.5(10)
175.0(18), 317.2(10),
319.2(100), 331.1(10),
397.1(32), 413.0(78), 14-Gluc-p-
Peak 2\ 5 09 | 495.18697 | 495.1866 | 0.7 433.1(10),433.930), | oo +(Ce¢H1006) | ZOL or 16-
495 451.1(24), 454.7(14), GlueZ AN
464.2(10), 465.2(20), ’
475.0(10), 476.9(65),
477.9(10) 486.1(25)
175.0(42), 176.0(10),
Peak 3=\ 5 31 | 495.1858 | 495.1866 | 1.6 317.2(40), 318.2(82), | C24H32011 +(CsH100) 14-Gluc-o-
495 ZOL
319.2(100)
319.2(25), 413.0(22),
Pej;‘s“' 12.22 | 495.1866 | 495.1866 | 0.0 | 435.0(10),451.2(100), | C24H3O1 +(CsH1006) 7'31(‘;;'“'
475.0(16), 477.2(17)
Peak 1- 175.0(10), 333.2(100), Gluc-15-
<09 6.43 | 509.1662 | 509.1659 | 0.6 427.0(10). 490.9(10) C24H30012 +(CsHs07) OH.ZEN
Pes"‘é‘; 7.54 | 509.1660 | 509.1659 | 0.2 332'4(41‘8)1’.13(3132?(100)’ C24H30012 +(CsHsO7) gﬁ“’zg\]
Peak 1- 1 5 g | 6692035 | 6692031 | 0.6 493.1(100) C2H30012 | +(Ci2Hi16012) 2xGluc-
669 ' ' ' ' ' ZEN
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Supplementary Table B14. Metabolites of a-ZOL generated in Phase | and Phase Il. Metabolites detected in ESI(-), as [M-H]~ ions.

Unless otherwise specified fragments with intensity >10% are shown in the table.

a-ZOL Phase I metabolite
RT, M-H M-H .
Name min measured | theoretical ppm Fragments, CID Formula Transformation | Comment
) 257.2(4), 275.6(100),
o-ZOL | 13.63 | 319.1549 | 319.1545 1.3 301.5(80) C18H240s5 parent
B-ZOL | 1241 | 319.1549 | 319.1545 1.3 275.5(100), 301.2(35) C18H240s5 isomer Non .
enzymatic
One Non
more 13.01 | 319.1549 | 319.1545 1.3 275.5(100), 301.2(10) C18H2405 isomer .
. enzymatic
Isomer
149.1(11), 175.1(10),
ZEN 13.67 | 317.1394 | 317.1394 0 261.2(5), 273.5(100), C18H2205 -(H2)
299.4(80)
Peak 1- 287.2 (70), 303.2(100), i
331 9.05 331.1186 | 331.1182 12 312.3(10), 313.2(15) C18H200s6 (H2)+(0)
Peak 1- | 8.36 261.3(12), 289.3(68), i
333 main 333.1343 | 333.1338 15 305.2(100), 315.2(10) C18H2206 (H2)+(0O)
P?\,;;Z_ 9.69 333.1342 | 333.1338 12 No ms2 C18H2206 -(H2)+(0O)
190.0 (10), 191.0(82),
Peak 3- 201.0(10), 219.1(10),
333 11.94 | 333.1343 | 333.1338 15 261.1(26), 289.2(100), C18H2206 -(H2)+(0)
305.2(13), 314.2(20),
315.2(45)
191.0(40), 197.1(10),
Peak 4- 271.3(10), 289.2(35), i
333 12.33 | 333.1342 | 333.1338 1.2 313.1(12), 314.3(11). C18H2206 (H2)+(0)
315.2(100)
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Name RT’ M-H M_H. ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
175.1(18), 191.1(24),
Peak 5- 203.0 (28), 216.1(13),
333 12.63 | 333.1343 | 333.1338 1.5 271.24(20), 289.2(100), Ci18H2206 -(H2)+(0)
313.1(21), 314.2(24),
315.2(95)
Peak 6-
333 12.72 | 333.1341 | 333.1338 0.9 No ms2 C18H2206 -(H2)+(0)
Peak 1-
335 7.70 335.1499 | 335.1495 1.2 No ms2 C18H2406 +(0)
Peak 2-
335 9.33 335.1499 | 335.1495 1.2 No ms2 C18H2406 +(0)
161.0(14), 163.0(18),
Peak 3- 190.0(18), 235.2(10),
335 11.31 | 335.1498 | 335.1495 0.9 273.2(22), 291.2(100), Ci18H2406 +(0)
317.2(52)
190.0(30), 203.1(10),
Peak 4- 219.1(10), 291.2(100),
335 11.86 | 335.1499 | 335.1495 1.2 202.2(15), 307.2(12), Ci18H2406 +(0)
317.2(20)
163.1(10), 175.1(11),
Peak 5- 189.1(34), 273.2(19),
335 12.34 | 335.1498 | 335.1495 0.9 291.2(100), 299.2(19), C18H2406 +(0)
315.0(14), 317.2(82)
175.0(84), 179.1(24),
Peak 6- 190.0(10), 247.2(10),
335 12.44 | 335.1499 | 335.1495 1.2 273.23(24). 291.2(80), C18H2406 +(0)
317.2(100)
Peak 7-
335 12.71 | 335.1498 | 335.1495 0.9 No ms2 Ci18H2406 +(0)
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Name RT’ M-H M_H. ppm Fragments, CID Formula Transformation | Comment
min | measured | theoretical
Peak 8- 175.0(40), 207.1(22),
335 13.18 | 335.1500 | 335.1495 1.5 247.2(22), 299.2(16), C18H2406 +(0)
317.3(100)
0-ZOL Phase II metabolite
RT, M-H M-H )
Name min measured | theoretical ppm Fragments, CID Formula Transformation | Comment
P‘ij‘g;' 505 | 4931714 | 4931710 | 0.8 No MS2 CaHaoO1 | +(CoHeOs) | Gluc-ZEN
Peak 2- 175.0(22), 317.2(100), i
493 7.44 493.1721 | 493.1710 2.2 411.1(10) C24H30011 +(CsHeOs) Gluc-ZEN
Peak 1- 175.1(20), 319.2(100), 16-Gluc-o-
495 5.66 495.1870 | 495.1866 0.8 451.2(36), 477.2(12) C24H32011 +(CesHsOs) 70L
Pej‘g‘;‘ 753 | 4951871 | 4951866 | 10 | 1750(32),319.2(100) | CoHaOu |  +(CoHsOg) | | Tome®
Peak 3- | 1537 | 4951860 | 4951866 | 0.6 451.5(100) CatHzOn | +(CeHsOs) | "Gluc-o-
495 Z0L
Peak 1- Gluc-
511 6.01 | 511.1819 | 511.1816 0.6 No ms2 C24H32012 +(CsHsO7) (+HO0)
Peak 2- Gluc-
511 6.51 | 511.1819 | 511.1816 0.6 No ms2 C24H32012 +(CsHsO7) (+HO0)
Name RT’ M-H M_H. ppm Fragments, CID Formula Transformation | Comment
min | measured | theoretical
Pe5alk13- 763 | 5111814 | 5111816 | 0.4 | 3352(100),493.2(11) | CaHz012 |  +(CoHsO7) (E?g)')
175.1(16), 192.2(28),
317.3(18), 335.3(100),
Peak 4- 347.1(57), 393.3(11), Gluc-
511 8.94 511.1820 | 511.1816 0.8 397.0(10), 429.1(49). C24H32012 +(CsHsO7) (+(0))

451.0(14), 467.09(39),
493.1(34)
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RT,

M-H

M-H

Name min measured | theoretical ppm Fragments, CID Formula Transformation | Comment
Peg‘;‘ll' 531 | 671.2191 | 671.2187 0.6 495.2(100) C30H40017 +C12H16012 d"CZ;'A“E'“'
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Supplementary Table B15. Metabolites of -ZOL generated in Phase | and Phase Il. Metabolites detected in ESI(-), as [M-H]~ ions.

Unless otherwise specified fragments with intensity >10% are shown in the table.

B-ZOL Phase II metabolite
M-H M-H .
Name 11;;1;; measured | theoretical ppm Fragments, CID Formula Transformation | Comment
B-ZOL | 12.42 | 319.1547 | 319.1545 | 0.6 275.2(100), 301.5(80) | C,H,,0; parent
274.3(24), 275.5(100), . Non-
- 2.2 C,.H,,0 .
0-ZOL | 13.62 | 319.1552 | 319.1545 300.2(12). 301.2026) 15H,405 isomer enzymatic
149.1(11), 175.1(10),
ZEN | 13.67 | 317.1396 | 317.1394 | 0.6 CH,,0 -(H
273.46(100), 299.38(85) | © *° ()
Peak 1. 190.0(28), 291.2(100),
235 7.55 | 335.1499 | 335.1495 1.2 292.2(11), 307.2(10), C,sH,,04 +(O)
317.2(15)
Peak 2- 175.0(100), 273.2(10), Only in
1.2 CH,,0 +(O
335 8.68 | 3351499 ) 335.1495 291.2(15), 317.2(15) 18772476 ©) heated
Peak 3- 12 C..H,,0 +O0)
335 8.90 | 335.1499 | 335.1495 : No ms2 18H2406 (
Peak 4 175.0(100), 273.2(10),
235 11.64 | 335.1499 | 335.1495 | 1.2 291.2(30), 315.1(10), C,¢H,,0q +(O)
317.2(24)
Peak 5- 12 C..H,,0 +HO
235 12.03 | 335.1499 | 335.1495 : No ms2 15H5406 )
Peak 6- 193.1 (40), 273.3(15),
235 12.17 | 335.1499 | 3351495 | 1.2 | 291.2(35),315.07(10), | C,H,,04 +(O)
317.3(100)
Peak 7- 1.2 C\sHy0 +0)
235 12.35 | 335.1499 | 335.1495 : No ms2 15H,406
Peak 1- 261.2(15), 289.2(73),
1.5 C,.H,,O _
233 8.43 | 333.1343 | 333.1338 305.2(100. 315.2(12) 15H5,06 (H2)+(O)
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RT. M-H M-H
Name . . ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
Pe3a3k11' 9.16 | 331.1186 | 331.1182 | 1.2 No ms2 C,gH,004 ~(H4)+(0)
B-ZOL Phase Il metabolite
M-H M-H :
Name RT . ppm Fragments, CID Formula | Transformation | Comment
measured | theoretical
Peak 1- 175.0(20), 319.2(100), 16-Gluc-p-
495 557 | 495.1871 | 495.1866 1.0 451.3(27), 477.2(10) C24H32011 +(CsHsOs) Z0L
Peak 2- 175.0(28), 319.2(100), 14-Gluc-p-
495 6.00 | 495.1871 | 495.1866 1.0 451.3(14) C24H32011 +(CsHsOs) Z0L
Peak 3- 407.3(11), 451.3(100), 7-Gluc-p-
495 8.96 | 495.1871 | 495.1866 1.0 477.2(15) C24H32011 +(CsHsOs) Z0L
Peak I | 596 | 4931718 | 4931720 | 16 No ms2 CosHaoOu | +(CsHeOs)
Peak 2- 175.0(23), 317.2(100),
493 7.59 | 493.1714 | 493.1710 0.8 411.0(22), 432.92(10) C24H30011 +(CsHs0s)
Pe5""1k11' 586 | 511.1819 | 511.1816 | 0.6 335.4(100) CauHz012 | +(CsHsO)
Peg;‘ll‘ 515 | 671.2191 | 671.2187 | 0.6 495.4(100) CaoHaoO17 |  +(C12H1s012) d"gg’fﬁ'
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Supplementary Table B16. Metabolites of ZAN generated in Phase | and Phase Il. Metabolites detected in ESI(-), as [M-H] " ions.
Unless otherwise specified fragments with intensity >10% are shown in the table.

Z AN Phase I metabolites
Name RT’ M-H M_H. ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
205.2(26), 275.5(100),
ZAN 13.35 | 319.1545 319.1545 0.0 301.5(70) Ci18H240s parent
B-ZAL | 1133 | 321.1707 | 321.1702 | 1.6 | 277.5(100),303.2(20) | CisHaOs +(H)
277.6(100),
o-ZAL | 12.92 321.1707 321.1702 1.6 303.5(86) Ci1sH260s5 +(H2)
Peak 289.5(92), 305.5(100),
1.333 9.14 333.1341 333.1338 0.9 315.2(12) C18H220¢ -(H2)+(O)
IP_ 3212 8.69 | 335.1497 | 335.1495 | 0.6 | 291.2(30),307.5(100) | CisH2Os +O0)
Peak 290.3(38), 291.2(34),
9.06 | 335.1497 | 335.1495 | 0.6 | 306.4(100),307.2(18), | CisH24Os +0)
2-335
317.2(16)
Peak 290.4(10), 291.5(100),
+
3335 9.41 335.1497 335.1495 0.6 306.2(12), 317.2(12) Ci1sH2406 (O)
iﬁ?ﬁ 11.05 | 335.1498 | 335.1495 | 09 | 291.2(45),317.2(100) | CisH2Os +O0)
Peak 193.1(12), 221.1(10),
5.335 12.11 335.1498 335.1495 0.9 273.2(14), 291.2(100), Ci1sH2406 +(O)
307.2(14), 317.18(85)
1P_ g%‘; 6.47 | 337.1656 | 337.1651 | 1.5 No MS2 C15H2606 +(H2)+(0)
Peak 177.1(14), 231.2(12),
6.83 337.1656 | 337.1651 1.5 275.2(24), 293.2(100) C18H2606 +(H2)+(0)
2-337 319.2(16)
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RT,

M-H

M-H

Name min | measured | theoretical | PP™ Fragments, CID Formula | Transformation | Comment
3P93%k7 745 | 337.1655 | 337.1651 | 1.2 No MS2 CisH2606 +(H2)+(0)
4P_%""3k7 7.65 | 337.1656 | 337.1651 | 1.5 No MS2 CisH2606 +(H2)+(0)
el 177.1(10), 231.1(8),
9.78 | 337.1656 | 337.1651 | 15 | 275.2(14),293.4(100), | CisHz60s +(H2)+(0)
5-337
319.2(10)
g g%k? 10.31 | 337.1656 | 337.1651 | 15 No MS2 C15H2606 +(H2)+(0)
177.0(16), 275.2(22),
Peak | 174 | aa7.1656 | 3371651 | 15 293.3(100) CisHac0s | +(H2)+(0)
319.22(20)
8'3_‘;‘;‘; 12.20 | 337.1653 | 337.1651 | 0.6 No MS2 CisH2606 +(H2)+(0)
1Fi ?ﬁ; 6.44 | 349.1291 | 349.1287 | 1.1 No MS2 Ci8H2207 +(H2)+(0)
163.0(20), 177.0(45),
179.1(15), 191.1(48),
217.1(44), 235.1(70),
Peak 261.2(11), 267.1(10), )
2349 | 086 | 3491201 | 3491287 | 11 | 57000 oar oy | CuHz0r (H2)+(O2)
303.2(11), 305.2(100),
321.2(98), 330.4(16),
331.2(68), 339.7(10)
1Fi %%kl 6.34 | 351.1447 | 351.1444 | 0.9 No MS2 Ci1gH2407 +(02)
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RT,

M-H

M-H

Name . . ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
191.0(10), 205.0(14),
Peak 269.0(15), 279.2(20),
9-351 6.79 351.1447 | 351.1444 0.9 289.2(11), 307.2(100), C18H2407 +(02)
323.2(70), 333.1(32)
BPZ‘;L; 715 | 351.1447 | 351.1444 | 09 No MS2 C18H2407 +(02)
Peak 219.1(18), 307.3(28),
4-351 7.62 351.1448 | 351.1444 11 333.2(100) Ci18H2407 +(02)
Peak 289.2(24), 307.3(100),
5.351 8.28 351.1448 | 351.1444 1.1 333.2(68) Ci8H2407 +(02)
Peak 269.0(10), 289.2(15), Low
6-351 9.06 351.1447 | 351.1444 0.9 307.3(40), 315.3(16), Ci18H2407 +(02) intensity
333.3(100) peak
Z AN Phase II metabolites
Fragm | Formu Tran.s for Comment | ppm Fragments, CID Formula Transformation | Comment
ents la mation
Peak 175.0(25), 321.2(100),
0.6
1-497 5.70 497.2026 | 497.2023 453.2(30), 479.1(15) C24H34011 +(CsH1006)
Peak 175.0(50), 321.2(100),
0.4
9-497 5.90 497.2025 497.2023 452.2(10) C24H3401n1 +(CsH1006)
,f_ 25;1‘7 6.53 | 4972026 | 4972023 | 0.6 | 175.0(40),321.2(100) | CasHs4On1 +(CsH1006)
Peak 321.2(10), 415.2(10),
0.4
4-497 10.25 | 497.2025 497.2023 453.2(100), 479.2(24) C24H3401m1 +(CeH10056)
Peak 175.0(20), 319.2(100),
1.2 +(CsHsO
1-495 5.96 495.1872 | 495.1866 451.2(28). 477.2(10) C24H32011 (CeHsOc)
Peak 175.0(30), 319.2(100),
0.6 +(CsHsO
9495 7.18 495.1869 | 495.1866 4772(5) C24H32011 (CeHsOc)
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RT M-H M-H
Name . . ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical

i 2*‘11; 507 | 513.1975 | 513.1972 | 0.6 No MS2 C2aH30n2 | +(CeH1007)

2P- ?5311; 555 | 513.1974 | 513.1972 | 0.4 No MS2 C2H34012 | H(CsHi007)

;3_35311; 590 513.1973 513.1972 0.2 175.0(20), 337.2(100) C24H34012 +(CeH1007)

Af_eSalk3 8.12 513.1974 513.1972 0.4 No MS2 C24H34012 +(CeH1007)

Peak 175.0(2), 337.2(100),

0.4

5.513 8.45 513.1974 513.1972 469.2(40), 495.2(15). C24H34012 +(CsH1007)

1P_ ‘;alkl 531 | 5111818 | 511.1816 | 0.4 No MS2 C24HxO01n2 | +(CeHsOr)

ZPZZJ.}Lkl 558 | 5111818 | 511.1816 | 0.4 No MS2 C24H32012 +(CeHsO7)

Peak 175.0(20), 335.2(100),

3-511 5.98 511.1818 511.1816 04 493.2(10) C24H32012 +(CeHs07)

4P_656-}Lk1 6.50 511.1818 511.1816 04 335.2(100) C24H32012 +(CeHs07)

5P%ik1 655 | 511.1814 | 511.1816 | 0.4 335.2(100) C24H32012 +(CsHs07)

g’_ %"’_}l‘; 941 | 511.1819 | 511.1816 | 0.6 | 335.2(100),493.2(10) | C24HxO12 +(CsHs07)

Peak di-Gluc-
1671 5.80 671.2189 | 671.2187 0.3 495.4(100) C3oH20017 +(C12H16012) ZAN
Peak di-Gluc-o-
1-673 5.39 673.2344 673.2344 0 497.4(100) CszoH42017 +(C12H18012) ZAL
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Name RT’ M-H M-H. ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
Peak di-Gluc-
1687 5.16 687.2139 | 687.2136 | 0.44 No MS2 CsoH40018 +(C12H16013) (+0))
Peak di-Gluc-
9687 6.17 687.2139 | 687.2136 | 0.44 No MS2 C30H10018 +(C12H16013) (+0))
Peak di-Gluc-
1-689 5.07 689.2296 | 689.2293 0.4 No MS2 C3oH42018 +(C12H18013) (+(H2)+(O
)
Peak di-Gluc-
9-689 5.69 689.2296 | 689.2293 0.4 No MS2 C30H42018 +(C12H18013) (+(H2)+(O
)
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Supplementary Table B17. Metabolites of a-ZAL generated in Phase | and Phase Il. Metabolites detected in ESI(-), as [M-H]— ions.
Unless otherwise specified fragments with intensity >10% are shown in the table.

o-ZAL Phase I metabolite
Name RT’ M-H M_H. ppm Fragments, CID Formula Transformation | Comment
min measured | theoretical
a-ZAL | 1291 321.1704 321.1702 0.6 277.5(100), 303.5(85) CisH260s parent
B-ZAL | 11.33 | 321.1707 321.1702 1.6 277.5(100), 303.2(20) Ci8H260s isomer Non .
enzymatic
205.2(19), 275.5(100),
ZAN 13.34 | 319.15460 319.1545 0.3 301.2(25) Ci8H240s -(H2)
Peak 1- 289.2(80), 305.2(100),
-(Ha)+
133 9.18 333.1344 333.1338 1.8 315.1(20) Ci8H2206 (H4)+(O)
Peak 1- 263.3(10), 291.3(75),
-(H2)+
135 8.74 335.1499 335.1495 1.2 307.5(100), 317.8(15) Ci8H2406 (H2)+(0)
Peak 2- 291.2(50), 307.2(15)
b 2 - +
335 11.11 335.1499 335.1495 1.2 315.1(12), 317.2(100) Ci8H2406 (H2)+(0)
Pe3a31<53- 12.11 335.1499 335.1495 1.2 291.5(100), 317.5(75) Ci8H2406 -(H2)+(O)
177.1(15), 231.1(10),
Peak I-| o 3 | 337.1657 | 337.1651 1.8 | 275.2(20),293.2(100), | CisHa606 +0 found only
337 in heated
319.2(20)
Peak 2- found only
337 10.34 | 337.1657 337.1651 1.8 293.4(100), 319.2(27) Ci18H2606 +0 in heated
Peak 3- 177.1(15), 255.2(10)
137 11.75 | 337.1657 337.1651 1.8 275.2(20), 293.2(100), | CisH2606 +0O
319.2(24)
Peak 4 177.1(6), 221.1(14),
137 12.21 337.1657 337.1651 1.8 293.5(100), 318.3(10), | CisH260¢ +0
319.2(20)
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RT,

M-H

M-H

Name min | measured | theoretical | PP™ Fragments, CID Formula | Transformation | Comment
P‘;afgl' 6.85 | 349.1293 | 349.1287 | 1.7 No MS2 C1sH2207 ~(H4) +(02)
Peak 1-
151 6.78 351.1449 351.1444 1.4 No MS2 C1sH2407 -(H2) +(02)
o-ZAL Phase II metabolite
Name RT’ M-H M'H. ppm Fragments, CID Formula | Transformation | Comment
min measured | theoretical
May be 16-
Peak 1- 175.0(25), 321.2(100),
+ -9-
Peak 2- 175.0(40), 321.2(100), Then it is
497 5.89 497.2026 497.2023 0.6 441.2(14), 453.20(15), | C2H3401 +(CsHsOg) 16-Gluc-a-
479.1(20) ZAL
Pzaé‘f' 6.56 | 4972026 | 4972023 | 0.6 | 175.0(35),321.2(100) | CayHssOu1 +(CsHzOs) 14'22*5'“’
Pzagkf' 10.19 | 497.2026 497.2023 0.6 | 453.3(100),479.2(15) | CH301 +(C6HsOs) 7'(;';{‘&'“'
Peak 5- 321.2(10), 453.5(100), Shallow
+
497 12.10 497.2026 497.2023 0.6 479.2(30), 498.3(10) C24H3401m1 (C6HsOe) peak
Peak 1- 16-Gluc-
495 5.94 495.1871 495.1866 1.0 No MS2 C24H32011 +(CsHeOs) ZAN
Peak 2- N 175.0(30), 319.2(100), 14-Gluc-
+
495 7.34 495.1871 495.1866 1.0 413.1(15), 477.1(14) C24H32011 (CsHsOp) ZAN
Peak 1 5.99,
) , Gluc+(0)-
to3 - 7.39, 511.1819 511.1816 0.6 No MS2, low intensity | C24H32012 +(CsHsO7)
(H2)
511 9.36
Peak 1-
513 5.08 513.1975 513.1972 0.6 No MS2 C24H34012 +(CsHsO7) Gluc+(0)

230




Name RT, M-H M-H Fragments, CID Transformation | C t
min | measured | theoretical | TP g ) Formula ommen

Peak 2- | 5.89 -

i—aB 6 ? 513.1975 | 513.1972 0.6 No MS2 C24H34012 +(CsHsO7) Gluc+(0)
Peak 3- 337.2(100), 469.2(28),

_l’_

513 8.45 513.1975 513.1972 0.6 495.1(15) C4H34012 (CsHsO7) Gluc+(0)

Peak 1- No ms2, low intensity di-Gluc-
+

671 5.72 671.2192 671.2187 0.7 peak C30H40017 (C12H14012) ZAN
Peak 1- i- -q-

e6a73 538 | 6732345 | 6732344 | 0.1 497.4(100) CaolaaOrr | HCiuHig0) | 9 (ZB'A”E «
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Supplementary Table B18. Metabolites of f-ZAL generated in Phase | and Phase Il. Metabolites detected in ESI(-), as [M-H]~ ions.

Unless otherwise specified fragments with intensity >10% are shown in the table.

B-ZAL Phase I metabolites
RT, M-H M-H .
Name min | measured | theoretical | PP™ Fragments, CID Formula | Transformation | Comment
277.5(100),293.34), | 410
B-ZAL | 11.48 | 321.1748 | 321.1702 303.4(60) 18H2603 parent
o-ZAL | 1294 | 321.1707 | 3211702 | 1.6 | 277.6(100),303.2(35) | CisHaeOs isomer
205.2(25), 275.5(100),
ZAN 13.39 319.1549 319.1545 1.3 (30)1_4(75)( ) Ci8H2405 -(H2)
13-
Peakl-| g 17 | 3331343 | 3331338 | 1.5 | 289-2(85),305.2(100), 1 0 -(H)+(O) OH_ZAN
333 315.1(28) -
quinone
123.1(12), 175.1(22),
peak 1 219.1(20), 253.0(30),
e;35 T 789 | 3351499 | 3351495 | 12 | 273.3(15),291.2(100), | CisH24O6 -(H2)+(0)
303.1(18), 307.2(20),
315.2(35), 317.1(40)
13-OH-0-
Peak 2- 263.2(12), 291.2(85),
335.1495 | 12 C1sH240 ]
335 | 878 | 3351499 307.2(100), 317.220) | (H2)+(O) ZAL
quione
211.0(10), 253.0(22),
Peak 3- 291.2(65), 292.2(10), 15-OH-
335.1495 | 0. C1sH240 ]
335 | 16| 3951498 09| 3072004), 315.1(24), | O (H)yHO) ZAN
317.2(100), 318.2(10)
Peak4- | 1513 | 3351499 | 335.1495 | 12 | 2915(100),317.598) | CisHxOs |  (Ha)+(0) v
335 ZAN
Peak 1-
a7 | 578 | 337.1656 | 3371651 | 15 No MS2 C15Ha606 +(0)
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RT,

M-H

M-H

Name . . ppm Fragments, CID Formula Transformation Comment
min measured | theoretical
Peak 2- 177.1(12), 221.1(30),
237 6.49 | 337.1656 | 337.1651 1.5 | 275.2(15), 293.2(100), | CisH2606 +(0)
319.2(20)
Peak 3- 177.1(19), 255.2(15),
237 750 | 337.1656 | 337.1651 1.5 | 275.2(23),293.2(100), | CisH260s +(0)
319.19(15)
Pega?‘}“' 7.67 | 337.1656 | 337.1651 1.5 | 293.5(100), 319.3(30) | CisH260s +(0)
Peak 5-
237 8.13 | 337.1656 | 337.1651 1.5 No MS2 CisH260¢6 +(0)
Peak 6- 221.1(15), 293.5(100),
237 9.25 | 337.1655 | 337.1651 1.2 319.2(22) CisH260¢6 +(0)
Pesa?‘f;' 0.88 | 337.1655 | 337.1651 | 1.2 NO MS2 C1sHa606 +(0)
Peak 8-
337 11.88 | 337.1655 | 337.1651 1.2 No MS2 Ci1sH2606 +(0)
Pekl | 683 | 2401202 | 3491287 | 14 No MS2 CisHac06 | ~(Hs) +(02)
Pesagll' 6.74 | 3511449 | 351.1444 | 14 No MS2 CisHaOs | ~(Hz) +(O2)
B-ZAL Phase Il metabolites
RT, M-H M-H .
Name min measured | theoretical | PP™ Fragments, CID Formula | Transformation | Comment
Peak 1- 175.0(30), 321.3(100), 16-Gluc-B-
497 5.67 | 497.2027 | 497.2023 | 0.8 453.3(30) 479.2(10) | C2#HxOn +(CsHgOe) ZAL
Pif‘;?z' 5.86 | 497.2027 | 497.2023 | 0.8 | 175.0(42), 321.3(100) | CasH34On +(CsHgO) 14?&_&3'
] 321.2(18), 403.2(14), Al
Pf‘;f 7.67 | 497.2028 | 497.2023 1.0 | 409.3(22), 453.2(100), | C24H34011 +(CsHsO) ! C;'XEB

479.2(42)
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Peak 1-

14-Gluc-

205 7.31 | 4951871 | 495.1866 | 1.0 No MS2 C24H32011 +(CsHs0) AN
PeSalksl' 571 | 5131975 | 513.1972 | 06 No MS2 C24H34012 +(CsHs07) Gluc+(0)
Pe5a1k32' 6.29 | 5131976 | 513.1972 | 0.8 | 337.2(100),495.2(12) | C2sH3On +(CsHs07) Gluc+(0)
Pe6a7k31' 542 | 6732342 | 673.2344 | 03 497.2(100) CaoHa2017 | +(C12H16012) d"gklﬁ'ﬁ'
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Supplementary Figure B1. Chromatographic separation of T-2 and its metabolites. Extracted ion
chromatogram of peak 1-505 to peak 3-505 with 505.2044 m/z, peak 1-463 to peak 5-463 with
463.1939 m/z peak, peak 1-405 with 405.1884 m/z, peak 1-447 and peak 2-447 with 447.1989 m/z
detected in ESI(+), as [M+Na]* ions are shown.
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Supplementary Figure B2. Extracted ion chromatograms of T-2 hydroxyl metabolites. Zooming
into extracted ion chromatogram of T-2 (505.2044 m/z) and HT-2 (463.1938 m/z) hydroxyl
metabolites detected in ESI(+), as [M+Na]* ions are shown. Panel (a) shows T-2 hydroxyl
metabolites, panel (b) shows HT-2 hydroxyl metabolites.
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Supplementary Figure B3. Product ion spectra of T-2 hydroxy metabolites. The hydroxy

metabolites at 505.2044 m/z, peak 1-505 (a), peak 2-505 (b), peak 3-505 (c) and at 489.2095, T-2
(d), detected in ESI(+), as [M+Na]™* ions.
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Supplementary Figure B4. Product ion mass spectra of the T-2 hydrolyzed metabolites. The peak
1-447 (a) and peak 2-447 (b). Peak 1-447 was tentatively identified as 15-deacetyl-T-2 and the
peak 2-447 was identified as HT-2, detected in ESI(+), as [M+Na]* ions.
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Supplementary Figure B5. Chromatographic separation of T-2 and HT-2 glucuronides. Extracted
ion chromatogram of T-2 and HT-2 glucuronides (665.2416 m/z, Gluc-T-2, and 623.2310 m/z,
Gluc-HT-2) in ESI(+), detected as[M+Na]™" ions.
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Supplementary Figure B6. Product ion spectra of T-2 and HT-2 glucuronides. HT-2 glucuronide
(a) at 623.2310 m/z and T-2 glucuronide (b) at 665.2416 m/z detected in ESI(+), as [M+Na]",
HT-2 glucuronide (c) at 618.2756 m/z, detected in ESI(+), as [M+NHa4]*ions.
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Supplementary Figure B7. Chromatographic separation of HT-2 and its metabolites. Extracted
ion chromatogram of peak 1-463 to peak 5-463 (463.1939 m/z), peak 1-405 and peak 2-405
(405.1884 m/z), peak 1-363 and peak 2-363 (363.1414 m/z) in ESI(+), detected as [M+Na]™* ions.
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Supplementary Figure B8. Extracted ion chromatogram of HT-2 hydroxyl-metabolites. Zooming
into extracted ion chromatogram of HT-2 hydroxyl-metabolites (463.1939 m/z, peak 1-463 to 5-
463).
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Supplementary Figure B9. Product ion mass spectra of HT-2 hydroxy metabolites. Peak 1-463(a),
peak 2-463 (b), peak 3-463 (c), peak 4-463 (d), peak 5-463 (e), peak 6-463 (f) at 463.1939 m/z,
detected in ESI(+), as [M+Na] ions.
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Supplementary Figure B10. Chromatographic separation of 3-AcDON and its metabolites.
Extracted ion chromatogram of 3-AcDON (397.1505 m/z) and its metabolites (355.1399 m/z,
DON, 339.1448 m/z, DOM-1, and 513.1613 m/z, Gluc-3-AcDON) in ESI(-), detected as
[M+CH3COO-H] ions for all except for Gluc-3-AcDON ([M-H]).
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Supplementary Figure B11. Product ion mass spectra of 3-AcDON and its glucuronide. 3-AcDON
and its glucuronide (397.1505 m/z) and its glucuronide (513.1613 m/z), detected in ESI(-), as
[M+CH3COO-H]~ and Gluc-3-AcDON ([M-H] ions, respectively. The other metabolites of 3-
AcDON, including DON and DOM-1 is shown in the Supplementary Figure B15 and B17,
respectively.

245



RT: 3.42-877
1004

15-AcDON

20

DON In-source fragmentation
E 2:)- f’\\
Gluc-15-AcDON

40]

Supplementary Figure B12. Chromatographic separation of 15-AcDON and its metabolites.
Extracted ion chromatogram of 15-DON (297.1333 m/z), and Gluc-15-AcDON (537.1579 m/z) in
ESI(+), detected as [M+Na]™* ions.
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Supplementary Figure B13. Product mass spectra of 15-AcDON and its glucuronide. 15-AcDON
(361.1258 m/z) and its glucuronide (537.1579 m/z), detected in ESI(+) as [M+Na]" ions.
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Supplementary Figure B14. Chromatographic separation of DON and its metabolites. Extracted
ion chromatogram of DON and NIV (371.1348 m/z), peak 1-339 to peak 4-339 (339.1449 m/z),
and Gluc-DON (471.1508 m/z) in ESI(-), detected as [M+CH3COO-H] ions for all except for
Gluc-DON ([M-H]).
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Supplementary Figure B15. Product mass spectra of DON and NIV. DON (355.1399 m/z) and NIV
(371.1348 m/z) detected in ESI(-), as [M+CH3COO-H]" ions.
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Supplementary Figure B16. Product ion mass spectra of DON Phase | metabolites. De-epoxy-
deoxynivalenol at 339.1348 m/z, detected in ESI(-), as [M+CH3COO-H] ions. Peak 1-339 (a)
was observed as Phase | metabolite of DON and 3-AcDON, peak 2-339 (b) and peak 4-339 (c)
were observed as Phase | metabolite of DON only.
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Supplementary Figure B17. Product mass spectra of DON glucuronides. DON glucuronides
(471.1508 m/z), detected in ESI(-), as [M-H] ions.
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Supplementary Figure B18. Extracted ion chromatogram of FUS-X and its metabolites. FUS-X
(413.1454 m/z) and its metabolites (371.1348 m/z, NIV, and 529.1563 m/z, Gluc-FUS-X) in ESI(-
), detected as [M+CH3COO-H]" ions for all except for Gluc-FUS-X ([M-H]).
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Supplementary Figure B19. Product ion mass spectra of FUS-X and its glucuronide. FUS-x at
413.1454 m/z and its glucuronide at 529.1563 m/z, detected in ESI(-), as [M+CH3COO-H] ™ and
Gluc-3-AcDON ([M-H]" ions, respectively. NIV mass spectrum which also was one of FUS-X
metabolite was shown in the Supplementary Figure B15.
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Supplementary Figure B20. Extracted ion chromatogram of NIV and its metabolites. NIV, de-
epoxy-metabolite (355.1398 m/z, peak 1-355) and its isomers (355.1398 m/z, peak 2-355, peak 3-
355) and its glucuronides (487.1457 m/z) in ESI(-), NIV and de-epoxy-metabolite were detected
as [M+CH3COO-H] ions and glucuronides as [M-H]  ion.
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Supplementary Figure B21. Product ion mass spectra of NIV metabolites. De-epoxy-nivalenol,
peak 1-355 (a) at 355.1398 m/z and NIV glucuronide (b) at 487.1458 m/z, detected in ESI(-), as
[M-H]- and [M+CHsCOO-H]  ions, respectively. NIV mass spectrum was shown in the
Supplementary Figure B15.
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Supplementary Figure B22. Chromatographic separation of AFB1 metabolites. Extracted ion
chromatogram of AFB1 (313.0707 m/z), 337.0682 m/z (peak 1-337 and peak 2-337), 299.0550 m/z
(peak 1-299 and peak 2-299), 331.0812 m/z (peak 1-331), 329.0661 m/z (peak 1-329, AFBO, and
peak 2-329, AFM1), 347.0761 m/z (peak 1-347 and peak 2-347) detected in ESI(+).
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Supplementary Figure B23. Product mass spectra of AFB1 and its metabolites. AFB1(a), AFM1,
peak 2-329 (b); AFB-diol, peak 1 (c); AFB-diol, peak 2 (d); AFB-8,9-endo/exo-epoxide (AFBO),
peak 1-329 (e); peak 1-331 (f), detected in ESI(+), as [M+H]* ions.
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Supplementary Figure B24. Product mass spectra of AFB1 O-demethylated metabolites. Peak 1-
299 (a) and peak 2-299 (b), detected in ESI(+), as [M+H]* ions, identified as AFP1 and its isomer.
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Supplementary Figure B25. Product mass spectra of AFG1 and its hydroxyl metabolite. AFG1 (a)
at 329.0656 m/z and its hydroxyl metabolite peak 1-345 (b), detected in ESI(+), as [M+H]™" ions.
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Supplementary Figure B26. Product mass spectra of AFB2 and its hydroxyl metabolites. AFB2 (a)
at 315.0863 m/z and its hydroxyl metabolites at 331.0813, peak 2-331 (b) and peak 3-331 (c),
detected in ESI(+), as [M+H]* ions.
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Supplementary Figure B27. Product mass spectra of AFG2. AFG2 at 331.0813 m/z, detected in

ESI(+), as [M+H]* ion.
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Supplementary Table C1. Monoisotopic masses of the most intense ions and retention times of all
mycotoxins and internal standards.

Mycotoxin in ESI(-) The m?(s)tnlntense Monoisotopic mass, m/z RT, min
OTa [M-H] 255.0060 2.72
CIT [M-H] 249.0763 3.79
OTA [M-H] 402.0750 5.96
OTAds [M-H] 407.1058 5.90
Mycotoxin in ESI(+) The mﬁztnmtense Monoisotopic mass, m/z RT, min
FB1 [M+H]* 722.3958 4.54
FB2 [M+H]* 706.4009 7.18
ENNB [M+Na]* 662.3987 10.10
ENNB1 [M+Na]* 676.4143 10.62
BEA [M+Na]* 806.3987 10.75
ENNA [M+Na]* 704.4456 11.10
ENNA1 [M+Na]* 690.4300 11.59
FB3 [M+H]* 706.4009 5.57
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Supplementary Table C2. Comparison of S/N ratio and the number of points per peak at two MS
settings, 2 scans/s and 3 scans/s. Results are shown for pre-spiked plasma samples with 20 ng/ml
mycotoxin mixture.

Mycotoxins 2 scans/s 3 scans/s
S/N Points/peak S/N Points/peak
OTa 43 34 56 53
CIT 343 19 343 33
OTA 216 42 309 51
FB1 103 15 93 >
FB2 578 20 678 33
ENNB 1246 19 1357 34
ENNBI 886 19 867 30
BEA 857 24 905 38
ENNA 512 20 725 31
ENNAI 224 19 256 29
FB3 402 16 253 24
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Supplementary Table C3. Concentrations of matrix-matched calibration curves prepared for the
first intra-day accuracy and precision experiment.

Level OTA, ENNB, B1 | CIT ENNA, Al, BEA, FB1, B2, OTa
Concentration, ng/ml
1 19.2 25.6 32
2 9.6 12.8 16
3 4.8 6.4 8
4 2.4 3.2 4
5 1.2 1.6 2
6 0.6 0.8 1
7 0.3 0.4 0.5
8 0.15 0.2 0.25
9 0.075 0.1 -
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Supplementary Table C4. Concentrations of matrix-matched calibration curves for all mycotoxins
prepared for the second intra-day accuracy and precision experiment.

Level Concentration, ng/ml
1 0.08
2 0.16
3 0.31
4 0.63
5 1.25
6 2.50
7 5.00
8 10.0
9 20.0

266



Supplementary Table C5. Evaluation of RSD% using validation samples for the experiment 3, low
concentration, 4 ng/ml. The first column represents the sum of ammonium and sodium ion areas
for each mycotoxin and the second column is the sodium ion area.

ENNB

ENNB
(Na)

ENNB

ENNB1
(Na)

BEA

BEA
(Na)

ENNAL1

ENNAL1
(Na)

ENNA

ENNA
(Na)

> Area

Area

> Area

Area

> Area

Area

> Area

Area

> Area

Area

LOW 6

501382

342024

354265

196974

269079

160707

397298

262819

276323

180718

LOW 5

520999

342761

359896

205266

273887

159599

396243

251562

270710

180709

LOW 4

500246

329721

339414

190581

271055

155931

361962

233639

261203

163532

LOW 3

465045

303990

367583

224019

264621

165636

399325

265466

260465

160863

LOW 1

525032

330736

355965

188747

255778

147603

397630

240786

260899

167454

LOW 2

525032

324405

362151

193057

263649

149610

379970

229874

268471

171043

Mean

506290

329847

355425

201118

266884

157895

390492

250854

265920

170655

Stdev

23154

15688

10318

14343

7066

6718

15987

13738

7218

9476

RSD%

4.6

4.8

2.9

7.1

2.6

4.3

4.1

5.5

2.7

5.6
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Supplementary Figure C1. Chromatographic separation of all mycotoxins. Optimized Cortecs T3
Cis LC method uses methanol/water/0.05% FA mobile phase. The results are shown for 20 ng/mL
mycotoxin plasma standard in 60% methanol with 1% FA. Mycotoxins are shown in the ESI modes

where maximum signal intensity was obtained, which is the same mode used for mycotoxin
quantitation.
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Supplementary Figure C2. Total ion chromatograms of the blank samples. Blank sample (60%
methanol) in pink injected immediately before plasma sample and blank sample (60% methanol)
in black injected immediately after plasma sample reveal column build-up and incomplete elution
of hydrophobic components present in plasma samples.

269



(a) . 120.0
100.0
80.0

60.0
40.0
20.0 I I I I

ENNB BEA ENNBI ENNAl ENNA
Mycotoxins

Normalized intensity, %

S
o

m STD. [M+H]+ mSTD. [M+NH4]+ m STD. [M+Na]+

—_
o
—

120.0

100.0
80.0
60.0
20.0 I
ool | | BN 1

ENNB BEA ENNB1 ENNAI ENNA
Mycotoxins

Normalized intensity, %

m Plasma [M+H]+  ®Plasma [M+NH4]+
® Plasma [M+Na]+

Supplementary Figure C3. lonization patterns of emerging mycotoxins. Standard mycotoxin
mixture (4 ng/ml) (a) and plasma sample pre-spiked at 20 ng/ml (b) analysed using
water/methanol/isopropanol mobile phase. The signal intensities (expressed as peak area) of
protonated and ammonium ions were normalized to the signal intensities obtained using sodium
ions.
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Supplementary Figure C4. Comparison of four calibration curves of OTa (a) and CIT (b). The
calibration curves in plasma using different mobile phase additives, 0.05% AA, 0.02% AA, 0.05%
FA and 0.02% FA. Overlaid calibration curves were replotted using peak area to compare
ionization trends.
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Supplementary Figure C5. Comparison of four calibration curves of FB1 (a) and OTA (b). The
calibration curves in plasma using different mobile phase additives, 0.05% AA, 0.02% AA, 0.05%
FA and 0.02% FA. Overlaid calibration curves were replotted using peak area to compare
ionization trends.
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Supplementary Figure C6. Comparison of four calibration curves of FB2 (a) and ENNB (b). The
calibration curves in plasma using different mobile phase additives, 0.05% AA, 0.02% AA, 0.05%
FA and 0.02% FA. Overlaid calibration curves were replotted using peak area to compare
ionization trends.
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Supplementary Figure C7. Comparison of four calibration curves of ENNBL1 (a) and BEA (b). The
calibration curves in plasma using different mobile phase additives, 0.05% AA, 0.02% AA, 0.05%
FA and 0.02% FA. Overlaid calibration curves were replotted using peak area to compare
ionization trends.
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Supplementary Figure C8. Comparison of four calibration curves of ENNA1 (a) and ENNA (b).
The calibration curves in plasma using different mobile phase additives, 0.05% AA, 0.02% AA,
0.05% FA and 0.02% FA. Overlaid calibration curves were replotted using peak area to compare
ionization trends.
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Supplementary Figure C9. Evaluation of OTa, CIT and OTA signal intensities at different fragmentor values (from 50 to 250 V). The
results are shown for OTa, CIT and OTA 20 ng/mL mycotoxin standard (n=1) in 60% methanol with 1% FA.
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Supplementary Figure C10. Evaluation of FB1, FB2 and FB3 signal intensities at different fragmentor values (from 50 to 250 V). The
results are shown for FB1, FB2 and FB3 20 ng/mL mycotoxin standard (n=1) in 60% methanol with 1% FA.
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Supplementary Figure C11. Evaluation of ENNB, BEA and ENNBL1 signal intensities at different fragmentor values (from 50 to 250 V).
The results are shown for ENNB, BEA and ENNB1 20 ng/mL mycotoxin standard (n=1) in 60% methanol with 1% FA.
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Supplementary Figure C12. Evaluation of ENNAL and ENNA signal intensities at different fragmentor values (from 50 to 250 V). The
results are shown for ENNA1, and ENNA 20 ng/mL mycotoxin standard (n=1) in 60% methanol with 1% FA.
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Supplementary Figure C13. Evaluation of signal intensities of mycotoxins at different calibration
instrument mass ranges (50-1700 and 50-750 m/z). The signal intensities (expressed as peak area)
of mycotoxins obtained with the calibration mass range of 50-750 m/z were normalized to the
signal intensity obtained with the calibration mass range of 50-1700 m/z. The results are shown
for three concentration levels in spiked plasma, 20 ng/mL, 2.5 ng/mL and 0.3 ng/mL (n=3) for all
mycotoxins, except for OTa (only 20 ng/mL and 2.5 ng/mL).

280



CIT
2500000

(a)

2000000

1500000

Area

1000000

500000

0.0 5.0 10.0 15.0 20.0
Concentration, ng/ml

——2 GHz -—+-4 GHz

OTa

1000000
(®) 900000
800000
700000
600000
500000
400000
300000
200000
100000

0
0.0 5.0 10.0 15.0 20.0

Concentration, ng/ml

Area

——2 GHz -+-4 GHz

Supplementary Figure C14. Comparison of two calibration curves of (a) CIT and (b) OTa in
plasma using extended dynamic range mode (2 GHz) vs. high resolution mode (4 GHz). Overlaid
calibration curves were replotted using peak area to see trends in signal intensity clearly.
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Supplementary Figure C15. Comparison of two calibration curves of (a) FB1 and (b) OTA in
plasma using extended dynamic range mode (2 GHz) vs. high resolution mode (4 GHz). Overlaid
calibration curves were replotted using peak area to see trends in signal intensity clearly.
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Supplementary Figure C16. Comparison of two calibration curves of (a) FB2 and (b) ENNB1 in
plasma using extended dynamic range mode (2 GHz) vs. high resolution mode (4 GHz). Overlaid
calibration curves were replotted using peak area to see trends in signal intensity clearly.
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Supplementary Figure C17. Comparison of two calibration curves of (a) BEA and (b) ENNB in
plasma using extended dynamic range mode (2 GHz) vs. high resolution mode (4 GHz). Overlaid
calibration curves were replotted using peak area to see trends in signal intensity clearly.
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Supplementary Figure C18. Comparison of two calibration curves of (a) ENNA and (b) ENNAL in
plasma using extended dynamic range mode (2 GHz) vs. high resolution mode (4 GHz). Overlaid
calibration curves were replotted using peak area to see trends in signal intensity clearly.
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Supplementary Figure C19. Evaluation of signal intensities of mycotoxins using different
acquisition rate time, 3 and 2 spectra per second. The signal intensities (expressed as peak area)
of mycotoxins obtained with 2 spectra per second were normalized to the signal intensity obtained
with 3 spectra per second. The results are shown for the standard mycotoxin mixture solution of

20 ng/mL concentration.
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Supplementary Figure C20. Evaluation of signal stability during the analytical run. QC stands for
quality control samples, 20 ng/ml mycotoxin standard in 40% methanol transferred into plastic
inserts. The time elapsed between injections QC1 to QC8 was 13.4 hours.
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Supplementary Figure C21. Comparison of peak shapes of OTa and CIT in different solvents,
40%, 60% and 80% methanol. Results obtained using standard solution prepared at 20 ng/ml.
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Supplementary Figure C22. Evaluation of signal stability during the analytical run. QC stands for
quality control samples, 20 ng/ml mycotoxin standard in 60% methanol. The time elapsed between
injections QC1 to QC8 was 15.0 hours.
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Supplementary Figure C23. Evaluation of signal stability during the analytical run. QC stands for
quality control samples. The results are shown for QC samples that represent the standard
mycotoxin mixture solution of 20 ng/ml (a) and 4 ng/ml (b) concentrations in 60% methanol with
1% FA. The time elapsed between injections injection QC1 to QC8 elapsed 6 hours for (a) QC1
to QC9 elapsed time 28 hours for (b).
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Supplementary Figure C24. Internal standard areas of FB3 and OTAds over long analytical run.
Results are for experiment 1, including the matrix-matched calibration curve and validation
samples.
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Supplementary Figure C25. TICs of validation samples. Experiment 1 (red, mycotoxin
concentrations from 2 ng/ml to 3.33 ng/ml, experiment 2 (green, mycotoxin concentrations 3.5
ng/ml), and experiment 3 (black, mycotoxin concentrations 4 ng/ml).
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Supplementary Figure C26. Extracted ion chromatogram of OTa and S/N determination. A bold
segment on EICs in experiment 1, 2 and 3 shows the region for the determination of noise.
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Supplementary Figure C27. Extracted ion chromatogram of OTA and S/N determination. A bold
segment on EICs in experiment 1, 2 and 3 shows the region for the determination of noise.
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Supplementary Figure C28. Extracted ion chromatogram of FB2 and S/N determination. A bold
segment on EICs in experiment 1, 2 and 3 shows the region for the determination of noise, S/N is
determined for peak at 7.1 min.
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Supplementary Figure C29. Extracted ion chromatogram of ENNA and S/N determination. A bold
segment on EICs in experiment 1, 2 and 3 shows the region for the determination of noise.
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Supplementary Figure C30. lonization patterns of emerging mycotoxins are shown for (a)
experiment 1, (b) experiment 2 and (c) experiment 3. The signal intensities (expressed as peak
area) of protonated and ammonium ions were normalized to the signal intensities obtained using
sodium ions. Results were shown for 4 ng/ml standard solution mixture.
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Supplementary Figure C31. lonization patterns of emerging mycotoxins are shown for 10 individual lots of plasma. The signal intensities
(expressed as peak area) of protonated and ammonium ions were normalized to the signal intensities obtained using sodium ions. Results
are shown for post-spiked plasma samples, 1.4 ng/ml concentration.

298



180000
160000

140000 g
120000 B a B B | a
100000 | a | | q 1 | a a |
= 80000 | a | | a a | a a |
B 60000 | a | | a a | a a |
40000 | a | | a a | a a |
20000 | a | | a a | a a |
0

ENNB [M+H]+ ENNBI [M+H]+ BEA[M+H]+ ENNAI [M+H]+ ENNA [M+H]+

ity

Signal intens

mf] mf2 mfy =f4 f5 mml mm2 mm3 =m4 mS

Supplementary Figure C32. Signal intensities (expressed as peak area) of the protonated ions of emerging mycotoxins are shown for 10
individual lots of plasma. Results are shown for post-spiked plasma samples, 1.4 ng/ml concentration.
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Supplementary Figure C33. Signal intensities (expressed as peak area) of the ammonium ions of emerging mycotoxins are shown for
10 individual lots of plasma. Results are shown for post-spiked plasma samples, 1.4 ng/ml concentration.
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Supplementary Figure C34. Signal intensities (expressed as peak area) of the sodium ions of emerging mycotoxins are shown for 10
individual lots of plasma. Results are shown for post-spiked plasma samples, 1.4 ng/ml concentration.
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Supplementary Figure C35. Sum of signal intensities (expressed as peak area) of the protonated, ammonium ions and sodium ions of
emerging mycotoxins. Results are shown for 10 individual lots of plasma. Results are shown for post-spiked plasma samples, 1.4 ng/ml
concentration.
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